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ABSTRACT 
 
Arctic tree-line response to 21st century warming is an important positive feedback 
mechanisms that can facilitate further tree line advance and amplify changes to the global 
heat budget through changes in the planetary albedo and effects on soil carbon pools. 
However, responses of the forest—tundra ecotone to the modern warming trend are 
spatially heterogeneous because controls other than temperature limit tree growth and 
seedling establishment near tree line. Paleo-investigations can address the sensitivity of 
the forest—tundra ecotone to external drivers by identifying factors that led to the 
establishment and persistence of modern vegetation composition. In contrast to many 
circumpolar regions that experienced advanced positions of forests associated with an 
early Holocene maximum in solar irradiation, closed boreal forests in Alaska only 
developed ~6000 years ago after a prolonged forest-tundra phase. The contrasting history 
of forest development in Alaska compared to circumpolar trends has intrigued 
paleoecologists for over five decades, and provides a unique opportunity to test 
alternative hypotheses of ecological and climatic drivers of forest—tundra ecotone 
dynamics. Progress in understanding Holocene vegetation patterns in Alaska has been 
hampered by a lack of vegetation-independent climatic and environmental 
reconstructions. This dissertation project takes advantage of state-of-the-art tools for 
paleoclimatic reconstruction, including stable isotope analysis of carbonates and midge 
assemblage analysis, to test the role of orbital forcing and moisture balance on interior 
Alaskan vegetation assemblages. The results presented here provide some of the first 
high-resolution, vegetation-independent climate records from Alaska that span the entire 
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Holocene and highlight heterogeneous climatic and vegetation responses to spatially 
uniform radiative forcing via complex atmospheric feedbacks. The results complement 
recent neo-ecological work in Alaska that indicates the importance of spring moisture 
limitation to forest-tundra ecotones and suggests that moisture played an important role in 
determining the position of the Alaskan forest-tundra ecotone throughout the Holocene. 
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CHAPTER 1 
INTRODUCTION 
1.1 RATIONALE 
In the boreal-forest biome, interactions among climate, fire, soil development, and 
permafrost dictate vegetation composition at local to regional scales (Chapin III et al., 
2006). Climatic change modified these interactions during the 20th century (Suarez et al., 
1999; Jorgonson et al., 2001). For example, 20th-century warming resulted in divergent 
responses, including tree-line advances in some regions, drought damage to tree line 
stands in other regions, and permafrost degradation leading to replacement of forests with 
bogs south of tree line. In areas such as Alaska, key climatic controls of vegetation are 
close to threshold values. Thus climatic change can alter competitive interactions among 
dominant tree species via various factors, including temperature-induced drought stress 
(Barber et al., 2000; Juday et al. 2003), permafrost phase changes (Jorgenson et al., 
2001), and fire-regime shifts (Lloyd et al., 2005; Johnstone et al., 2010). Continuation of 
the 20th-century warming trend is anticipated to have dramatic impacts on boreal-forest 
ecosystems, including conversion from predominantly coniferous to deciduous 
ecosystems (Rupp et al., 2001). Such dramatic ecological turnover in one of the largest 
terrestrial biomes would have large impacts on global albedo (Foley et al., 1994) and the 
global carbon cycle (McGuire et al., 2009). 
Paleo-investigations can address the sensitivity of boreal forests to these processes 
by identifying factors that led to the establishment and persistence of modern vegetation 
composition. In many regions of North America (including Alaska), the establishment of 
modern boreal forests during the early to middle Holocene is marked by the colonization 
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and spread of Picea mariana (MILL.) BSP (black spruce). Today this species dominates 
nearly half of North American boreal communities (Chapin III et al., 2006), and occurs 
primarily in lowland sites where its tolerance of cold, wet, and nutrient-poor soils leads to 
nearly monotypic stands (Hultén, 1968). Previous studies in eastern Canada demonstrated 
that autogenic soil processes (i.e., those that are not induced directly by a climatic 
change) led to lowland boreal forests dominated by P. mariana (Engstrom and Hansen, 
1985). Specifically, the onset of soil paludification (the development of a thick, moisture-
retaining organic soil horizon) was concomitant with establishment of closed forests and 
bryophyte cover centuries prior to the arrival of P. mariana. However, geochemical 
records from Alaska are inconsistent with this mechanism, indicating that autogenic soil 
change was insufficient to cause soil paludification (Hu et al., 1993; 1996). Instead, these 
records point towards the onset of wetter and/or cooler climate conditions as a trigger for 
the spread of P. mariana–dominated communities. These interpretations have not been 
rigorously evaluated because of the lack of pollen-independent climate records of suitable 
spatial and temporal resolutions. 
This dissertation project takes advantage of paleoecological tools, using the past 
as a “natural experiment” to assess the sensitivity of boreal forests to these interactions by 
identifying factors that led to the establishment and persistence of modern vegetation. 
This project takes advantage of state-of-the-art isotope and paleolimnological techniques 
for paleoclimate reconstruction in order to assess Holocene (the last 10,000 years) 
climate-soil-vegetation linkages. The project has resulted in a large paleoclimatic and 
paleoecological dataset that challenges some long-standing ideas about how boreal forest 
ecosystems responded to Holocene climatic change. 
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1.2 ALASKAN BOREAL FOREST ESTABLISHMENT AND FOREST—TUNDRA ECOTONE 
DYNAMICS DURING THE HOLOCENE 
In many regions of North America (including Alaska), the establishment of 
modern boreal forests during the early to middle Holocene is marked by the colonization 
and spread of spruce (Picea sp.). Today this genus is frequently the tree-line forming 
taxon. Throughout Eurasia and in northwestern Canada, early Holocene pollen and 
macrofossil evidence indicates advanced Arctic tree line, in some cases by up to 300 km 
north of modern positions (Ritchie et al., 1983; Khotinskiy, 1984; Prentice et al., 1996; 
Texier et al., 1997; Tarasov et al., 1998; MacDonald et al., 2000). This has often been 
cited as evidence for longer and warmer growing seasons resulting from an orbitally-
forced irradiation maximum (Ritchie et al., 1983; TEMPO, 1996; Prentice et al., 2000). 
In these regions coniferous forests rapidly established by ~10 ka (thousand years before 
present). 
In contrast, sites from interior Alaska exhibit a prolonged early Holocene phase of 
low spruce pollen percentages (Anderson and Brubaker, 1994). This likely represented a 
mosaic of open white spruce stands within an herb- and shrub-dominated matrix (forest 
tundra) (Edwards et al., 2000). This was followed by a rapid increase in spruce pollen 
percentages during the middle Holocene (4-6 ka, depending on the location), representing 
establishment of the closed boreal forests typical of interior Alaska today. The 
contrasting history of forest development in this region compared to circumpolar tree line 
trends provides a unique opportunity to test a long-standing hypothesis on boreal forest 
development and on tree line controls. It has commonly been assumed that the 
anomalously delayed development of coniferous forests in this region resulted from 
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drought conditions during the first half of the Holocene (Bigelow, 1997; Hu et al., 1998; 
Abbott et al., 2000). Dry conditions were perhaps exacerbated by higher transpiration 
rates due to an orbitally-forced summer temperature maximum (Barnosky, 1987; Bartlein 
et al., 1991). Increasing precipitation, augmented by a cooling trend across the past 
10,000 years, facilitated forest expansion by reducing transpiration stress and enhancing 
soil moisture access through rising permafrost levels. However, few vegetation-
independent climate records are available from the region with which to test this 
hypothesis. 
 
1.3 KEY RESULTS 
I test the hypothesis that an increase in regional effective moisture (precipitation 
minus evaporation) coincided with coniferous forest expansion in the study area. 
Specifically, I analyze oxygen and carbon isotope composition of carbonate sediments of 
the past 8000 years from a site in the southern Brooks Range, Alaska (Chapter 2). The 
results reveal large, millennial-scale fluctuations in effective moisture that are difficult to 
reconcile with contemporaneous vegetation assemblages. Regional lake levels indicate a 
transition to increased effective moisture by ~7 ka. However, this increase in moisture 
did not result in forest development. Rather, my results indicate that this biome shift 
coincided with a period of low effective moisture 4-5 ka that included more severe 
droughts than during any other period over the last 8000 years. 
Drought stress at tree line could have been alleviated by reduced 
evapotranspiration rates caused by cooler summer temperatures. I test orbital-based 
predictions of a declining Holocene summer temperature trend at four sites in Alaska 
using midge-assemblage analysis (Chapter 3 & 4), one of the most sensitive proxies 
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available for investigating prehistoric temperature trajectories. This study represents the 
first quantitative, sub- centennially resolved estimate of temperature changes in the North 
Pacific sector. The midge results revolutionize our understanding of the post-glacial 
climate history in high-latitude regions of western North America. Unexpectedly, cooler-
than-modern summer temperatures coincided with maximal solar irradiation budgets. The 
midge records indicate rapid temperature increases at ~10 and ~5.5 ka, broadly 
coincident with vegetation shifts from tundra to forest tundra, and from forest tundra to 
boreal forest, respectively. Furthermore, quantitative evaluation of the thermal effects of 
albedo changes expected to accompany the biome transitions indicates that the observed 
summer temperature trends were likely the consequence and not the cause of forest 
establishment. 
Intriguingly, the temperature trends show striking temporal similarities to 
reconstructed conditions of large-scale atmospheric modes, such as the Arctic Oscillation 
(AO). Additionally, my preliminary results of a meta-analysis conducted on northern 
hemisphere, high latitude vegetation records reveal a circumpolar forest-line dipole 
between Eurasia and North America that also strongly resembles the spatial pattern of the 
AO, suggesting a possible connection (Chapter 5). Modern AO signatures are restricted 
to the winter and spring seasons in Alaska, suggesting spring climatic conditions as a key 
factor in the development of modern boreal communities. Marine records from the Arctic 
Ocean point toward a predominately positive phase AO (AO+) prior to ~6 ka (de Vernal 
et al., 2005). The modern AO+ results in cold, dry winters in interior Alaska (Thompson 
and Wallace, 1998), and may provide an analogue for early Holocene conditions (Dyck et 
al., 2010). The exact combination of factors responsible for retracted Alaskan forest line 
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during the early Holocene is currently unclear. Possible environmental responses to AO+ 
conditions could have included shallowing of the active-layer thickness in permafrost-
underlain locations combined with reduced spring soil moisture recharge. Similar 
conditions in modern, continental subarctic settings in Siberia limit coniferous taxa by 
causing frost-induced drought stress (Walter, 1974; Arno and Hammerly, 1993). 
 
1.4 SIGNIFICANCE 
While additional studies are needed to test these proximate mechanisms, my 
results highlight heterogeneous climatic and vegetation responses to spatially uniform 
radiative forcing via complex atmospheric feedbacks. The importance of elucidating 
these feedbacks is underscored by climate model experiments of future greenhouse-gas 
emission scenarios. These experiments project a possible transition to atmospheric 
circulation patterns similar to those experienced during the early Holocene (Rind et al., 
2005; Stephenson et al., 2006). The results of this thesis complement recent neo-
ecological work in Alaska that indicate the importance of spring moisture limitation to 
forest-tundra ecotones (McGuire et al., 2010). 
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CHAPTER 2* 
AN OXYGEN-ISOTOPE RECORD OF HOLOCENE CLIMATE CHANGE IN THE  
SOUTH-CENTRAL BROOKS RANGE, ALASKA 
 
2.1 ABSTRACT 
Understanding the ecological and socio-economic impacts of climatic warming requires 
knowledge of associated changes in moisture balance. Reconstructions of Holocene 
moisture-balance variation offer indispensible baseline information against which recent 
changes can be evaluated. We analyzed Chara-stem encrustations in the sediments of 
Takahula Lake, located in the south-central Brooks Range of Alaska, for oxygen and 
carbon isotope composition to infer climatic change over the past 8000 years. To help 
constrain climatic interpretations of the sediment 18O record, we also analyzed water 
samples from Takahula and other lakes in the region for oxygen and hydrogen isotope 
composition. Results show that winter precipitation dominates the water balance of these 
lakes and that post-input evaporation is a key control of lake-water isotope composition 
of Takahula Lake. Stratigraphic patterns in Chara- 18O, supplemented by those in 13C 
and sediment lithology, reveal distinct changes in effective moisture (precipitation minus 
evaporation) over the past 8000 years. Effective moisture was relatively high from 8000 
to 5000 cal. BP, with marked fluctuations between 6800 and 5000 cal. BP. It then 
decreased to reach a minimum around 4000 cal. BP and increased with fluctuations from 
4000 to ~2500 cal. BP, followed by a decreasing trend toward the present that was 
interrupted by a wet Little Ice Age (centered at 400 cal. BP). Aridity during the 20th 
                                                
* This chapter is published as: Clegg, B.F. and Hu, F.S., 2010. An oxygen-isotope record of Holocene 
climate change in the south-central Brooks Range, Alaska. Quaternary Science Reviews 29, 928-939. 
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century was among the highest of the entire 8000-year record. At the millennial 
timescale, the temporal patterns of moisture balance shifts at Takahula Lake are broadly 
coherent with those inferred from previous paleoclimate records from the region. The 
Chara- 18O values around 5600 cal. BP and during the Little Ice Age are up to 5‰ lower 
than at present and 3.6‰ lower than that of the modern input-water to the lake. These 
exceptionally low values suggest that factors other than effective moisture must have 
contributed to the pronounced variations in the Takahula Lake 18O record. Increased 
winter precipitation associated with a westerly Aleutian Low position may account for 
1‰ of the 18O decrease. Other factors leading to the 18O-depletion during these periods 
probably include decreased temperatures, as well as increased lake-ice cover and 
associated reductions in evaporation.!
 
2.2 INTRODUCTION 
The sensitivity of the high-latitude climate system to perturbation is well 
illustrated in instrumental and paleoclimate records (Serreze et al., 2004). In North 
America, the greatest warming over the past ~50 years has occurred in Alaska and 
northwest Canada (Trenberth et al., 2007). This warming has led to marked changes in 
arctic and subarctic regions, including extreme sea-ice retreat, permafrost melting, 
treeline advance, and tundra shrub expansion (e.g., Chapin et al., 2005; Tape et al., 2006). 
Likewise, paleorecords offer ample evidence for rapid and widespread climate changes in 
these regions during the late Quaternary. For example, recent studies revealed climatic 
fluctuations at centennial to millennial timescales, including those related to the Younger 
Dryas, the early-Holocene Thermal Maximum, and variations in solar irradiance (e.g., 
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Bond et al., 2001; Hu et al., 2003; Kaufman et al., 2004; Wiles et al., 2004). Furthermore, 
a growing body of evidence from multi-proxy sediment studies shows that recent climatic 
warming is unprecedented in the context of the last several millennia in arctic and 
subarctic regions (Overpeck et al., 1997; Smol et al., 2005; Kaufmann et al., 2009). 
In Alaska and adjacent Canada, numerous fossil-pollen records reveal pronounced 
shifts in plant communities over the late Quaternary (e.g., Anderson and Brubaker, 1994; 
Brubaker et al., 2001). Deciphering climate change from these pollen records remains a 
major challenge for a number of reasons, including no-analog assemblages and complex 
climate-vegetation relationships (Anderson et al., 1989; Jackson and Overpeck, 2000; 
Williams et al., 2001). Recent paleolimnological studies have applied a suite of non-
pollen proxy indicators for climate reconstruction (e.g., Hu et al., 1998; 2003; Abbott et 
al., 2000; Anderson et al., 2001, 2005; Wiles et al., 2004). These studies focused on 
abrupt events during the last glacial-interglacial transition (Hu et al., 2002, 2006; 
Kokorowski et al., 2008; Yu et al., 2008; Bunbury and Gajewski, 2009), hydrologic 
variations during the late-glacial and the Holocene (Abbott et al., 2000; Edwards et al. 
2001; Anderson et al., 2007), and climatic fluctuations during the last two millennia (e.g., 
Hu et al., 2001; Wiles et al., 2004, 2008; Loso et al., 2006). For example, lake-level and 
geochemical studies revealed that effective moisture (precipitation minus evaporation) 
increased drastically during the early to middle Holocene in interior Alaska (Hu et al., 
1998; Abbott et al., 2000). Marked fluctuations in effective moisture likely occurred 
subsequently, as indicated by several recent paleolimnological studies (Anderson et al., 
2001, 2007; 2005; Mann et al., 2002a; Tinner et al., 2008; Chipman et al., 2009). These 
records also highlight the spatial heterogeneity of Holocene moisture history in this 
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region, with contrasting effective-moisture changes between interior and southern Alaska 
during the Little Ice Age (400-100 cal. BP) (e.g., Hu et al., 2001; Tinner et al., 2008). 
This finding is consistent with a synoptic analysis of instrumental climate data revealing 
complex spatial variability of moisture changes over the past several decades (Mock et 
al., 1998). Thus a network of paleorecords is necessary for understanding the patterns of 
moisture-balance shifts and their relationship to large-scale climatic controls.  
We report here results of stable-isotopic and lithologic analyses of Holocene 
sediments from Takahula Lake (67°21’7” N, 153°39’53” W, 275 m above sea level; Fig. 
2.1) in the south-central Brooks Range. Paleoclimate interpretations of the sediment data 
are aided by isotopic analysis of modern water samples from Takahula and other lakes in 
the region. These water-isotope data suggest that changes in effective moisture were the 
primary control of Holocene variation of 18O at Takahula Lake, although other factors 
such as variation in precipitation seasonality and atmospheric circulation patterns also 
played a role. We use the sediment record to infer effective-moisture variation and 
associated climatic controls at centennial to millennial timescales over the past 8000 
years. 
 
2.3 STUDY SITE 
Takahula Lake is located within the Gates of the Arctic National Park in the 
south-central Brooks Range. The area is close to today’s mean summer position of the 
Arctic Front, which separates the cold, dry polar air mass from the warmer and moister 
arctic air mass of Alaska’s interior. At the nearest weather station (Bettles Field, 
66˚54’50” N, 151˚31’45” W; Fig. 2.1A) mean July, January, and annual temperatures are 
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21.0, -20.0, and -6.7 ˚C, respectively (Western Regional Climate Center, 2002, AD 1951-
2005). Annual precipitation averages 360 mm, with 56% falling between June and 
September. Forests and woodlands dominate lowlands and hill slopes in the study region, 
with Picea mariana (Mill.) B.S.P. in wet muskegs, Picea  glauca (Moench) Voss and 
Populus balsamifera Mill. along riparian areas, and P. glauca, Betula papyrifera Marsh. 
and Populus tremuloides Michx. on uplands and warm, south-facing slopes (Nowacki et 
al., 2000).  
The lake is situated in a formerly glaciated portion of the Takahula River valley. 
It lies at the northern end of a gently south-sloping ground moraine of late-Wisconsin age 
that is separated from the Alatna River valley by a narrow mountain ridge (Fig. 2.1B). 
The lake is surrounded to its immediate north, east, and west by mountains composed of 
limestone, dolomite, and marble that are interbedded with shale.  
The surface area and watershed area of Takahula Lake are 1.7 and ~4.0 km2, 
respectively. The lake has a single basin with a maximum depth of 50 m. It is fed by 
several springs surfacing in the immediate vicinity of the shoreline. Above its northern 
shore, springs surfacing on a mountain ledge form a small water body that drains into the 
lake. Today Takahula Lake has two small, sedge-overgrown outlets along its southern 
shore. The outflow velocity was undetectable in June of 2002.  
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2.4 MATERIALS AND METHODS 
2.4.1 Water Samples 
Water samples were collected weekly from the surface of Takahula Lake from 
June to September of 2002 and July to September of 2004. In June of 2002 water samples 
were taken from the northern inlet, from a spring along the southern shore (groundwater 
sample), and from the water column near the core site of Takahula Lake at 1-m intervals 
using a Van Dorn water sampler. All water samples were collected in 20-mL scintillation 
vials with conical caps, sealed against the atmosphere, and stored at 4 °C upon arrival in 
the laboratory. The samples were analyzed for D and 18O at the University of Arizona, 
Tucson. Water temperature and conductivity were measured at 1-m intervals using a 
YSI® handheld multiparameter instrument. Surface-water was collected from additional 
lakes in the south-central Brooks Range and adjacent southern foreland between 2001 
and 2003. 
We calculated a regional meteoric water line (RMWL) from precipitation D and 
18O data from Global Network of Isotopes in Precipitation (GNIP) (IAEA/WMO, 2004) 
sites in Bethel (60°46’48” N, 161°48’00” W), Barrow (71°18’00” N, 156°46’48” W), 
Mayo (63°22’12” N, 135°31’12” W), and Whitehorse (60°43’12” N, 135°4’12” W) (Fig. 
2.1A). Although the slopes of the meteoric water lines (MWL) are consistent among the 
sites, the monthly position of precipitation on the RMWL differs between Takahula Lake 
and the GNIP stations because of separation by long distances and/or by mountain chains. 
Thus we employed the model developed by Bowen and Wilkinson (2002) and Bowen 
and Revenaugh (2003) to estimate the isotope composition of monthly precipitation at 
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Takahula Lake. This model is superior to simple interpolation as it incorporates altitude, 
latitude, and vapor-transport effects.  
 
2.4.2 Retrieval and Analyses of Sediment Cores 
In June of 2002 we obtained two cores with a modified Livingstone piston corer 
from an expansive Chara bank on a prominent littoral ledge of Takahula Lake at a water 
depth of 6.6 m (Fig. 2.1B). We chose this area for coring in order to maximize the 
probability of obtaining contiguous carbonate deposits suitable for oxygen-isotopic 
analysis. The cores were stratigraphically overlapping and easily correlated with 
lithologic markers. For the unconsolidated sediments immediately below the sediment-
water interface, a 48-cm-long core was taken with a piston-operated polycarbonate tube. 
This core was sectioned in the field into 0.5 - 1.0-cm intervals and stored in screw-top 
vials. The subsamples were frozen upon arrival at the laboratory to prevent water loss 
because accurate bulk-density measurements were needed for 210Pb analysis. 
Twenty consecutive samples at 0.5-1.0-cm intervals from the surface core were 
plated for 210Pb (modified from Eakins and Morrison, 1978; Benoit and Hemond, 1988) 
and counted for 24 h with an OctêtePlus alpha spectrometer at the University of Illinois. 
Eight samples of terrestrial macrofossils were submitted to Lawrence Livermore National 
Laboratory for AMS 14C analysis (Table 2.1), following standard pretreatment (Oswald 
et al., 2005). The 14C ages were calibrated to years BP (before 1950 AD) using Oxcal 3.9 
(Ramsey, 1995).  
 Subsamples at contiguous 0.5-1.0-cm intervals were analyzed for bulk density, 
organic-matter content (OM), inorganic-carbon content (IC), and oxygen and carbon 
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isotopes. OM and IC were determined from loss-on-ignition at 500 and 950 o C on 0.5-
cm3 subsamples. For 18O and 13C analyses, samples were washed through a 109-µm 
mesh, and 15 Chara-stem encrustations were manually selected from the residue except 
in samples that yielded fewer stems. The encrustations were bleached in 3% NaOCl 
solution, rinsed four times in doubly distilled water, air-dried, and ground to powder. The 
powder was submitted to the stable isotope laboratories at the Illinois State Geological 
Survey and Stanford University for 18O and 13C analyses. Samples were reacted with 
ultra-pure phosphoric acid in automated Kiel devices interfaced with Finnigan MAT 252 
isotope ratio mass spectrometers. The analytical precisions of internal laboratory 
standards were equal to or better than 0.15‰ for 18O and 0.10‰ for 13C. The mean 
differences of replicate samples were 0.21‰ for 18O and 0.07‰ for 13C (N=18).  
 
2.5 RESULTS 
2.5.1 Chronology 
A 210Pb chronology of the last 100 years was developed using a CRS model with 
old-age correction adapted from Binford (1990) (Fig. 2.2 inset). All of the 14C ages are in 
chronological order, except for the wood sample at 103 cm from a massive marl unit, 
which appears to be ~1200 years too old when compared to adjacent dates (Table 2.1). 
We excluded this sample and created an age model using the remaining ages (Fig. 2.2). 
The model is based on linear interpolation because each major lithological transition is 
constrained by a 14C age. With this model, no section of the core spans > 1500 years 
without a 14C age. Sedimentation rates varied greatly over the past 8000 years: 0.04 cm/yr 
before 5700 cal. BP, 0.08 cm/yr from 5700 to 4025 cal. BP, and 0.01 cm/yr for the 
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remainder of the record. Given our 0.5-1.0 cm contiguous sampling of the core, the 
temporal resolution is 12-100 years per sample for our isotopic record. 
 
2.5.2 Sediment Lithology 
Several major lithological units exist in the sediments of the past 8000 years (Fig. 
2.3A). The basal unit, 8000-5700 cal. BP, is a carbonaceous gyttja containing relatively 
abundant mollusk shells and several bands of nearly pure, fine-grained carbonate. The 
silty-sandy sediments of 5700-5100 cal. BP are nearly bare of carbonate, and contain 
abundant terrestrial macrofossils, including large pieces of wood, bark, and Picea 
needles. This unit is interrupted by a layer of coarse sands and small pebbles at ~5400 
cal. BP. Although predominantly of terrestrial origin, this unit contains occasional well-
preserved Chara stems, Pisidium and ostracode valves, and lacustrine-chironomid head 
capsules. Marly sediments with 60-90% carbonate appear abruptly at 5100 cal. BP (Fig. 
2.3). The marl contains abundant shells of mollusks, including Pisidium sp., Valvata 
helicoidea, and Lymnea atkaensis. It also contains layers of calcite-encrusted Chara 
stems. The sediments following 4045 cal. BP resemble those of the first unit (8000-5700 
cal. BP), with similar carbonate content and the reappearance of a mineral- and 
carbonate-rich gyttja. Shell remains of the above-mentioned taxa continue to be 
abundant. This unit also has several peaks in carbonate percentages and a pronounced 
trough from 400-100 cal. BP.  
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2.5.3 Stable-Isotope Composition 
The D/ 18O values of surface-water samples from lakes in the central Brooks 
Range and the adjacent foreland range from -185/-23.7 ‰ to -120/-12.3 ‰ (relative to V-
SMOW; same for the isotopic values of other water samples reported in this paper). A 
regression line of all lake samples yields a regional evaporation line (REL) with a slope 
of 5.50, and an intercept with the RMWL of -165/-22 ‰ (Fig. 2.4A). The D/ 18O values 
are -159/-20.8 ‰ for the groundwater sample and -161/-20.7‰ for the inlet-water sample 
collected at Takahula Lake in June of 2002 (Fig. 2.4A and B). Modeled mean monthly 
D/ 18O values of precipitation at Takahula Lake range from -179.8/-24.05 ‰ in 
December to -110.3/-14.17 ‰ in July (Fig. 2.4A). In June-September of 2002, the 
surface-water D and 18O values from Takahula Lake range from -151 to -144 ‰ and 
from -18.4 to -17.4 ‰, respectively (Fig. 2.4B). In July-September of 2004, the surface-
water D and 18O values have the ranges of -142 to -141 ‰ and -17.3 to -16.9 ‰, 
respectively. The local evaporation line (LEL) calculated by regressing all Takahula Lake 
water samples has a slope of 5.14. Samples from the water column of Takahula Lake in 
June 2002 show nearly identical values from the surface to the bottom, with a range from 
-150 to -149 ‰ for D and from -18.5 to -18.4 ‰ for 18OH2O.  
The 18O and 13C values of Chara-stem encrustations ( 18OCc and 13CCc) 
fluctuate markedly over the past 8000 years, with ranges of -23 to -17 ‰ for 18OCc and -
7.5 to -0.5 ‰ for 13CCc (all carbonate isotopic values in this paper are referenced to V-
PDB) (Fig. 2.3D and E). The 18OCc and 13CCc values are significantly correlated (r = 
0.75, p < 0.001, N = 125), displaying strikingly similar stratigraphic patterns with some 
exceptions. Maximal values occur at 4800-3000 cal. BP, 800-400 cal. BP, and within the 
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last 100 years (for 18OCc only). Minimal values occur around 5600 cal. BP and around 
400 cal. BP. Abrupt, large fluctuations occur between 5600 and 5000 cal. BP and 
between 400 and 50 cal. BP.  
 
2.6 DATA INTERPRETATION 
2.6.1 Controls of Lake-Water Isotope Composition 
The D and 18O values of spring and inlet-water samples from Takahula Lake 
are close to those of winter precipitation on the RMWL (Fig. 2.4A). Among the surface-
water samples from lakes in the southern Brooks Range, those with isotopic values near 
the RMWL and thus likely representing hydrologically open basins also cluster near the 
winter months. These patterns indicate that winter precipitation is the dominant source of 
lake-water in this region. This inference seems contradictory to the fact that precipitation 
peaks in the late summer in this region. However, the importance of winter precipitation 
to the water balance of these lakes may result from the sudden release of cumulative 
winter precipitation (representing 44% of the annual precipitation) to the lake following 
spring snowmelt. In contrast, precipitation from individual summer storm events has a 
higher likelihood of being absorbed by vegetation and soils and subsequently lost through 
evapotranspiration, thus diminishing its contribution to the lake’s water budget.  
In addition to the seasonality of precipitation, several lines of evidence suggest 
that lake-water evaporation during the ice-free season is a key control of 18OH2O at 
Takahula Lake today. First, the 18O and D values of the surface-water samples from the 
lake fall on a regression line with a slope of 5.14, deviating from the RMWL (Fig. 2.4B). 
Surface-water 18O and D values from other Brooks Range lakes also lie on a regression 
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line with a similar slope (Fig. 2.4A). These patterns indicate post-input isotopic 
modification of the lake water by evaporation (Craig, 1961; Edwards et al., 1996). 
Additionally, compared with the presumed input-water (inlet and groundwater samples 
from 2002), the surface-water of Takahula Lake is enriched in deuterium by up to 15-
17‰ and in 18O by up to 3.3-3.9‰ during the summers of 2002 and 2004. Second, 
instrumental weather data from Bettles indicate that degree days (Fig. 2.4C) were near 
the average and that cumulative precipitation was higher than the 50-year mean (Fig. 
2.4D) in 2002. In contrast, the summer of 2004 was one of the warmest and driest in the 
record (IAEA/WMO, 2004; Fig. 2.4C and D). Corresponding to this interannual 
variability, surface-water samples collected between July and September of 2004 at 
Takahula Lake were elevated by 0.5‰ in 18O and 3‰ in D, compared to values from 
the same months in 2002 (Fig. 2.4B). The relatively small change between these years 
likely reflects the lake’s isotopic inertia afforded by the large water volume of Takahula 
Lake. Thus it appears that the isotopic signature at this lake provides an integrated signal 
of at least several years. 
The time series of surface-water 18O and D from the summer of 2002 (Fig. 
2.4B) were characterized by low spring values followed by evaporative enrichment 
during summer, providing further support for our interpretation that post-input 
evaporation is a key control of water isotopes at Takahula Lake. The lower values of 18O 
and D in June than during subsequent summer months probably resulted in part from a 
pulse of snowmelt entering the lake. In addition, mixing of surface water with less 
enriched hypolimnetic water during spring turnover may have also contributed to the 
depressed isotope values. This interpretation is supported by the depth profiles of lake-
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water temperature, conductivity, 18O, and D from June 2002 at the core location (6.6 m 
water depth), which was not thermally stratified (data not shown). The subsequent 
increases in 18O and D in July and August likely represented evaporative enrichment 
following thermal stratification, as evidenced by the shared evaporation line of the June 
and middle to late summer samples (Fig. 2.4B).  
 
2.6.2 Climatic Inferences from Oxygen-Isotope Composition 
Recent studies (Andrews et al., 2004; Pentecost et al., 2006) indicate that Chara-
encrustation 18O can deviate from that of carbonate precipitated in equilibrium with 
water. Changes in the magnitude of the disequilibrium offset may potentially contribute 
to variation in the 18OCc record of Takahula Lake. For the surface sample at Takahula 
Lake, we can estimate the disequilibrium offset by comparing 18OCc (-17.71‰ V-PDB) 
with 18OH2O (-17.56‰ V-SMOW), after accounting for the fractionation accompanying 
the phase transition during carbonate precipitation (Kim and O’Neil, 1997) and 
converting from V-SMOW to V-PDB (Coplen et al., 1983). If we assume that the 
temperature of carbonate precipitation was the average (11.5 ˚C) of the weekly 
measurements taken during the growing season of 2002, the predicted 18OCc value is  
-16.96‰ V-PDB. The difference between the measured and predicted values (-0.75‰) is 
smaller than the offset determined by Andrews et al. (2004) for Chara grown in dilute 
systems (-1.5‰), but consistent with results from seven boreal lakes in the Yukon 
territory (Anderson et al., 2007). The disequilibrium offset increases at high alkalinity. If 
we assume that the sediment carbonate fraction is a coarse measure of alkalinity, 
alkalinity is higher today than during most periods of the last 8000 years (Fig. 2.3), 
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suggesting that alkalinity-induced disequilibrium was similar or smaller in the past. Thus 
temporal variations to the disequilibrium offset of Chara calcification were probably 
negligible at Takahula Lake, and 18OCc provides a reasonably good approximation of 
18OH2O.  
The water isotopic data from Takahula Lake, as discussed above, suggest that 
lake-water isotope composition is controlled primarily by post-input evaporation related 
to effective moisture, with precipitation skewed toward winter months and evaporation 
occurring during summer months. As at present, effective moisture was likely the 
dominant factor affecting the 18O record of the past 8000 years at Takahula Lake. This 
interpretation is supported by the 13CCc! 18OCc covariance at Takahula Lake (see 
Section 2.6.3) and the general coherence of the 18O-inferred aridity history from this site 
with other paleoaridity records from the region (see Section 2.7.1).  The importance of 
effective moisture as a control of the lake-isotope history is also expected given the small 
ratio of watershed area to lake-surface area (~0.43) and the hydrologic setting of 
Takahula Lake. Water flow was negligible within three to four weeks after lake ice-out in 
2002, and appreciable water flow in the outlets probably occurs only during snowmelt. A 
lowering of the lake level by 0.5 m would turn the lake into a topographically closed 
basin. Under such conditions, evaporation becomes the main process of water loss, and 
lake-water continues to become 18O-enriched until 18O of the evaporating vapor equals 
18O of the input (Gat and Levy, 1978; Leng and Marshall, 2004). In contrast, a more 
positive water balance than the present is expected to shorten the lake’s water-residence 
time, reducing the influence of evaporation on the lake’s isotope composition (Craig, 
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1961). Thus the 18OCc record can be used to infer qualitative changes in effective 
moisture. 
Stratigraphic variation in 18OCc suggests that over the past 8000 years, the 
Takahula Lake area experienced distinct effective-moisture changes. Effective moisture 
was relatively high from 8000 to 5000 cal. BP, with marked fluctuations between 6800 
and 5000 cal. BP. Beginning around 5500 cal. BP, effective moisture decreased to reach a 
minimum centered around 4000 cal. BP, followed by an increasing trend with 
fluctuations until ~2500 cal. BP. A trend of diminishing effective moisture ensued from 
2500 to 400 cal. BP, although changes to 18O of input-water could have played a role 
(see Section 2.6.3).  At ~400 cal. BP, an abrupt 18OCc decrease suggests a sharp 
effective-moisture increase, as well as other factors including a decrease in summer 
temperature, a reduction in evaporative isotopic enrichment because of lengthened lake-
ice cover, and an increased ratio of winter to summer precipitation (see below). The 
18OCc values during the 20th century are among the highest of the entire 8000-year 
record at Takahula Lake. Effective moisture during this period was probably as low as 
that between 5100 and 3400 cal. BP (especially 4500-4000 cal. BP) when 18OCc values 
were similar.  
Factors other than effective moisture must have contributed to the 18OCc 
fluctuations at Takahula Lake. In particular, the 18OCc values are extremely low between 
400 and 100 cal. BP, a period corresponding to the Little Ice Age (LIA) cooling in many 
areas of the Northern Hemisphere (Cook et al., 2004).  These values are up to 5‰ lower 
than that of the surface sediment (present). By assuming that the temperature at which the 
LIA carbonate precipitated was 10.0 °C (1.5 °C lower than today; see below) and a 
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disequilibrium offset of -0.75‰ for Chara stems, conversion of the LIA- 18OCc values to 
V-SMOW (Coplen et al., 1983; Kim and O’Neil, 1997) yielded lake-water 18O values 
that are 3.6‰ lower than that of the modern input-water to the lake. Similarly, 18OCc is 
substantially lower than that of the modern input-water during much of the period from 
6800 to 5000 cal. BP. The minimal V-SMOW-adjusted 18OCc value during these 
intervals approaches 18O values typical of mid-winter meteoric water in the Takahula 
Lake area today (Fig. 2.4A). Decreased temperatures and associated limnological 
changes may have contributed to these low 18OCc values, although we cannot tease apart 
the effects of these factors. The atmospheric temperature at which water condensation 
occurs and the lake-water temperature at which calcite precipitation occurs affect the 
fractionation of oxygen isotopes and thus 18OCc values. The sensitivity of the 
erquilibrium fractionation factor is -0.25‰/°C during calcification (Epstein et al., 1953; 
Craig and Gordon, 1965). If we assume an isotopic effect of 0.60‰/°C for rain and snow 
(Dansgaard, 1964; Rozanski et al., 1992), the net temperature effect is 0.35‰/°C, which 
appears to be a reasonable value in southwestern Alaska (Hu and Shemesh, 2003). 
Midge-based reconstructions in the southern Brooks Range indicate a cooler LIA with a 
temperature minimum of ~1.5 °C colder than at present (Clegg et al.,2005); quantitative 
temperature estimates are unavailable for the period from 6800 to 5000 cal. BP. For the 
LIA the direct effects of temperature can account for only 0.53‰ (or ~15%) of the 3.6‰ 
difference relative to modern input-water. Indirect temperature effects may include low 
evaporation rates because of higher relative humidity and a shortened ice-free season, but 
these changes alone cannot lead to 18O values lower than modern input-water. 
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Precipitation derived from isotopically light sources and differences in seasonal 
moisture advection may account for the unexplained ~3‰ of the LIA 18OCc excursion. 
Enhanced advection of isotopically depleted moisture from the Arctic Ocean could lower 
precipitation 18O and hence 18OCc at Takahula Lake. This explanation is unlikely 
because the arctic air mass contains little moisture and because our study area is in the 
“rain shadow” of the Brooks Range with respect to the Arctic Ocean moisture source. 
However, summer incursions of arctic air masses associated with a southward 
displacement of the Arctic Front would have led to colder and drier summers (Sikorski et 
al., 2009). Reduced amount and isotopic shifts of summer precipitation would result in a 
decrease in the annual 18O value of inlet water to the lake. Additionally, both cool and 
short summer seasons would reduce evaporation rates in Takahula Lake. Furthermore, 
moisture advection during winter months may have increased during the LIA. A stronger 
seasonal bias toward winter precipitation is consistent with 18OCc values similar to mid-
winter precipitation during the LIA. An increase in winter precipitation may also have led 
to enhanced melt-water pulses that flushed a larger proportion of lake-water in spring, 
limiting the effects of evaporation on lake-water 18OCc values.  
Although these alternatives are not mutually exclusive, enhanced LIA winter 
precipitation probably played a key role. The equilibrium-line altitude of Brooks Range 
cirque glaciers lowered beyond that expected for inferred LIA temperature estimates, 
implying more LIA snow deposition than today (Ellis and Calkin, 1984). The LIA in the 
region may hence have been characterized by increased winter precipitation compared to 
today, possibly accompanied by decreased summer precipitation, delayed lake ice-out, 
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and reduced evaporation. All of these factors would have contributed to the 5‰ decrease 
of 18OCc during the LIA, and possibly similar changes between 6800 and 5000 cal. BP.  
 
2.6.3 Supporting Evidence from Carbon-Isotope Composition and Lithological 
Characteristics 
The 13CCc record from Takahula Lake lends support to our 18OCc-based 
inferences of effective-moisture variation, despite the fact that 13CCc is controlled by 
numerous factors that may or may not be related to climatic conditions (Talbot, 1990; 
Hollander and McKenzie, 1991; Drummond et al., 1995). Overall, the 13CCc and 18OCc 
records from Takahula Lake are positively correlated (Fig. 2.5). A study of highly 
evaporated basins indicates that covariance of 13CCc and 18OCc is typical of 
hydrologically closed-basin lakes with long water-residence times (Talbot, 1990). In such 
lakes, evaporation drives water 18O-enrichment, and water 13C increases as a result of 
CO2 degassing associated with evaporative drawdown of the lake level (Talbot, 1990). 
When dry climatic conditions caused depressed lake levels to the extent that the lake 
became a closed system, these processes may have caused 13CCc! 18OCc covariance at 
Takahula Lake. Simultaneous enrichment of 18O and 13C can also occur during dry 
periods as a result of decreases in humidity and in lake-water flushing rates while the lake 
remains hydrologically open. A reduction in flushing rates may lead to increased surface-
water temperature and strengthen lake thermal stratification. These processes may elevate 
13CCc because of decreased CO2 solubility in warm surface-water and reduced mixing of 
13C-depleted dissolved inorganic carbon (DIC) from the hypolimnion to the epilimnion 
(Hollander and McKenzie, 1991).  
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The 13CCc! 18OCc relationship at Takahula Lake, however, varies over the past 
8000 years (Fig. 2.5), independently of sedimentological transitions (Fig. 2.3). For 
example, samples within each of the two time intervals, from -50 to 1150 cal. BP and 
from 2800 to 7900 cal. BP, are strongly correlated (r = 0.91 and 0.87, N = 26 and 82, 
respectively), but the slopes of correlation differ significantly between these two periods 
(0.94 and 0.49, respectively, p < 0.05) partially as a result of the extremely low values of 
both 18OCc and 13CCc during the LIA. Furthermore, 18OCc and 13CCc do not covary 
during the intervening interval (1150 - 2800 cal. BP) (r = 0.09, N = 18), exhibiting 
fluctuations in 18OCc of up to 2‰ and nearly uniform 13CCc  values (Fig. 2.3). We do 
not fully understand the causes of the temporal variation in the 13CCc! 18OCc 
relationship. Enhanced mixing with 13C-depleted DIC from the hypolimnion may account 
for the consistently lower 13CCc values for a given 18OCc value between -50 and 1150 
cal. BP than between 2800 and 8000 cal. BP. The lack of covariance from 1150 to 2800 
cal. BP may reflect either increased effective moisture and hence decreased lake-water-
residence time or changes in input-water 18O that would not have affected 13CCc (hence 
13CCc remained high throughout this period). The extremely low 13CCc values during 
the LIA are consistent with our 18OCc-based inference that the ice-free season was short 
within this period. A shortened ice-free season would have increased contact with 
profundal water in the littoral areas of the lake, reduced equilibration with atmospheric 
CO2, and inhibited strong photosynthetic activity, all of which should cause a decrease in 
13CCc. Additionally, an elevated ratio of input-water volume (from increased winter 
precipitation) to evaporative loss during the LIA could have reduced 18O-enrichment 
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(Gat, 1995) and the extent of equilibration of 13C-depleted input groundwater with the 
atmosphere. 
Lithologic changes show some consistencies with the isotope data, providing 
additional evidence for effective-moisture changes. In particular, CaCO3 accumulation 
rates, 18OCc, and 13CCc are all high between 5100 and 4025 cal. BP (Fig. 2.3). The 
massive marl unit during this period is dominated by Chara-stem encrustations, 
suggesting that lake levels were up to 4-6 m below the present. Although the two 
carbonate-precipitating Chara species in Alaska, Chara vulgaris and Chara globularis, 
can occur at water depths of > 10 m, Chara lawns of high productivity are typical of 
shallow-water environments (Wood, 1968). Directly below this marl unit is a 
macrofossil-rich, micaceous sandy deposit (5700-5100 cal. BP). The abundance of mica 
sand and large macrofossils (including twigs, spruce needles, Ericaceae leaves and bark) 
indicates a predominantly allochthonous source for this unit. However, the sediment was 
deposited in water, as indicated by the well-sorted sand along with intermittent Pisidium 
shells, Chara-stem encrustations and larval head capsules of lacustrine-chironomids. The 
sediment composition of this unit suggests a period of enhanced shoreline destabilization. 
Passage of time as indicated by two 14C dates bracketing this sediment unit as well as 
internal structure, including a distinct gravel layer and lack of graded sediment 
sequences, point towards continuous sedimentation spanning multiple centuries, as 
opposed to a single shoreline slump or detrital slide. Increased rates of shoreline erosion 
were possibly caused by enhanced storm activity and wet climate conditions. Although 
enhanced rates of shoreline erosion could have resulted in inwash of ancient detrital 
carbonate and potentially influenced lake-water isotopic composition, the extremely low 
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bulk carbonate content of this unit suggests minimal contributions of allochthonous 
carbonate from the watershed. 
 
2.7 DISCUSSION 
Our oxygen-isotope record from Takahula Lake contributes to a growing dataset 
for climatic reconstructions based on paleolimnological and glacial-geologic studies from 
Alaska and adjacent Canada (e.g.,Ellis and Calkin, 1984; Pienitz et al., 2000; Anderson et 
al., 2001; Hu et al.,2001, 2003; Mann et al., 2002a; Wiles et al., 2004; Sikorski et al., 
2009). In this section, we highlight effective moisture inferences from the Takahula Lake 
18O variation that can be substantiated with independent paleoclimate data from other 
sites in the south-central Brooks Range. We then explore the potential linkages of our 
18O record with the Aleutian Low, a semi-permanent low-pressure system centered over 
the northeastern Pacific Ocean during the Northern Hemisphere winter.  
 
2.7.1 Regional Climatic Change at Millennial Timescales 
Climatic inferences from our Takahula Lake record are broadly consistent with 
other proxy data from the Brooks Range over the past 8000 years. In particular, the 
18OCc record from Takahula Lake displays strikingly similar patterns with an aridity 
record inferred from sand influx in the sediments of Wolverine Lake in the Great Kobuk 
Sand Dunes (GKSD), approximately 220 km to the west of Takahula Lake (Mann et al., 
2002a) (Fig. 2.6). When effective moisture was low at Takahula Lake, dune activity 
increased under arid conditions in the GKSD, and conversely, when effective moisture 
was high at Takahula Lake, dune activity was subdued in the GKSD. However, some 
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discrepancies exist between these two records. For example, the high peaks of sand influx 
around 7500 and 1200 cal. BP correspond to relatively low values of 18OCc, and sand 
influx values do not reach maxima around 4200 cal. BP when 18OCc values are highest. 
These discrepancies in the magnitude of change are not surprising given that both sand 
influx and 18OCc are influenced by a number of factors other than aridity. Even between 
two cores from the same lake, the relative heights of the sand influx peaks differed 
substantially (Mann et al., 2002a), probably because of depositional processes within the 
lake. In addition, sand flux to a lake may be related to fire disturbance and vegetation 
cover around the lake, and 18OCc is affected by factors other than effective moisture, 
such as precipitation seasonality and lake-water temperature. 
Anderson et al. (2001) presented Holocene oxygen-isotope records from two 
lakes in the central Brooks Range. The coarse temporal resolution of these records 
hampers a detailed comparison with our data from Takahula Lake. The water isotope 
composition of Meli Lake, north of the mountain range, was thought to be sensitive to 
changes in effective moisture because of its low watershed-to-lake-area and high 
evaporation-to-inflow ratios. However, a cellulose- 18O record from this lake displays 
little resemblance to that of Takahula Lake. The differences between these sites may be 
attributed to spatial heterogeneity of climatic change on opposite sides of the Brooks 
Range drainage divide, or to the different substrate types for 18O analysis. In contrast, 
the 18OCc record from Tangled Up Lake, which is on the southern slope of the mountains 
and ~ 150 km east of Takahula Lake, shows broad similarity with the record from 
Takahula Lake at millennial time-scales. Although the high watershed-to-lake-area and 
low evaporation-to-inflow ratios at Tangled up Lake means that the isotopic composition 
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of the lake should be sensitive to changes in air temperature and  precipitation 18O, the 
large range of 18OCc values (>6‰) suggests that evaporation likely played an important 
role in some intervals of the record (Anderson et al., 2001) (Fig. 2.6). Among the most 
striking climate events at Takahula Lake is a reduction in effective moisture between 
5100 and 3500 cal. BP, with peak aridity between 4500 and 4100 cal. BP (Fig. 2.4). 
Similarly, the 18OCc record from Tangled Up Lake reveals a prominent peak (>3‰ with 
respect to the surface sample) around 4600-4200 cal. BP (Fig. 2.6). This peak probably 
resulted from evaporative 18O-enrichment when lake level was low and the lake acted 
temporarily as a closed basin under exceptionally dry climate conditions.  Together, these 
18O records provide strong evidence for a prolonged period of widespread aridity in the 
southern Brooks Range centered around 4400 cal. BP. During this period, moisture 
deficit probably exceeded that of today, as inferred from the higher 18OCc values at 
Takahula and potentially closed-basin conditions at Tangled Up Lake.  
Discrepancies of paleoclimate inferences between the Takahula and Tangled Up 
lake are most striking during the last two millennia, when the two records exhibit an anti-
phase relationship. For example, Takahula Lake shows a prominent 18O-depletion (up to 
4‰) during the LIA; in contrast Tangled Up Lake displays a marked 18O-enrichment (up 
to 3.5‰). It is difficult to envision a climatic or hydrologic scenario that would have 
resulted in such a contrast, especially given that 18OCc increased at the lake whose water- 
residence time was likely shorter (Tangled Up Lake; small, shallow lake with a 
watershed-to lake-area ratio of 91) and decreased at the lake with longer residence time 
(Takahula Lake; large, deep lake with a watershed-to lake-area ratio of 2.3). A stronger 
influence of meteoric conditions on 18OH2O values at Tangled Up Lake than at Takahula 
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Lake may have contributed to discrepancies between the two records. However, the 
relatively high 18O values during the LIA at Tangled Up Lake, which would suggest 
warm conditions if the lake was an open basin during that interval, contradict varve-
thickness (Bird et al., 2009) and midge-assemblage (Clegg et al., 2005) evidence 
suggesting climatic cooling. Chronological errors may be a more likely explanation for 
the anti-phase relationship between the two sites.  For example, a chronological shift by 
200 years (within two-sigma ranges of both age models) could resolve this anti-phase 
relationship (Fig. 2.6). 
The 18OCc-inferred moisture history at Takahula Lake is also broadly coherent 
with the record of Holocene valley-glacier fluctuations in the Brooks Range (Ellis and 
Calkin, 1984, as recalibrated on the basis of Solomina and Calkin, 2003; Wiles et al., 
2004) (Fig. 2.6). Lichenometric ages from post-glacial moraines indicate that over the 
past 8000 years, glacial retreats occurred around 5100, 4000, 3400, 1800, 1200, 800, and 
400 cal. BP, and the 20th century. Most of these retreats correspond within 200-300 years 
to the onset of a decreased effective-moisture trend at Takahula and Wolverine lakes. 
Given the broad error ranges of lichenometric age estimates (Ellis and Calkin, 1984), this 
correspondence suggests a strong linkage of moraine stabilization to moisture reduction 
in this region. An obvious exception is the moraine stabilization around 4000 cal. BP, 
which would require a glacial advance prior to 4000 cal. BP but after the glacial retreat 
around 5100 cal. BP. However, this time bracket falls within a period of continuous 
drought conditions at Takahula Lake (Fig. 2.6). Glacial mass balance responds to both 
summer ablation temperature and winter moisture accumulation. Factors other than 
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effective moisture, especially increased summer temperatures, probably played a role in 
moraine stabilization around 4000 cal. BP. 
 
2.7.2 Linkages of Effective-Moisture Changes to Large-Scale Climatic Controls 
Several paleoclimate studies from Alaska and adjacent Canada have demonstrated 
that late-glacial and Holocene climatic fluctuations were linked to changes in large-scale 
climatic drivers. For example, abrupt climatic events such as the Younger Dryas and 
cyclic variations probably related to solar-output variation were manifest in at least parts 
of Alaska (Brubaker et al., 2001; Mann et al. 2002b; Hu et al., 2002, 2003, 2006; Hu and 
Shemesh, 2003; Wiles et al., 2004; Briner and Kaufman, 2008). These changes appear to 
have occurred synchronously with those documented in the North Atlantic, implying 
hemispheric-scale changes as a result of ocean-atmosphere-sun interactions. Furthermore, 
a recent study of carbonate isotopes in lake sediments from Jelly Bean Lake in the Yukon 
Territory (Anderson et al., 2005), revealed pronounced moisture-source shifts related to 
changes in the strength and position of the Aleutian Low (AL). Whether these large-scale 
climatic controls are manifested in areas farther away from the North Pacific remains 
largely unknown because of the paucity of high-resolution paleoclimate records with 
adequate chronological controls from those areas. 
The dominant role of winter precipitation (Pw) in the water balance of Takahula 
Lake suggests that the lake should be particularly sensitive to interannual changes in the 
strength and position of the AL. A westerly AL corresponds to increased moisture 
delivery into interior Alaska, whereas an easterly AL results in storm systems that cross 
the Coastal Range and the Alaska Range and cut off winter moisture supply to interior 
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Alaska (Mock et al., 1998). Consistent with these synoptic-scale climate patterns, winter 
precipitation in Bettles in north-central Alaska is significantly correlated with the North 
Pacific Index (NPI) (r = 0.65 for 3-yr running averages, p < 0.01; Fig. 2.7), which 
summarizes the strength and position of the AL (Trenberth and Hurrell, 1994). This 
correlation suggests enhanced likelihood of winter storms during years with a 
predominantly westerly AL position (Stafford et al., 2000). 
Furthermore, visual comparison of the Takahula Lake 18O record with the Jelly 
Bean Lake record reveals a general inverse relationship. For example, the peak 18O 
values around 4000 cal. BP and low values during the LIA at Takahula Lake correspond 
to sustained low and high values, respectively, in the Jelly Bean record (Fig. 2.6). 
However, the relationships are clearly non-stationary, with striking variations over the 
past 8000 years (Fig. 2.6). If we accept the Holocene AL reconstruction of Anderson et 
al., (2005) as an NPI proxy, we can apply the NPI!Pw relationship at Bettles to estimate 
the amount of winter precipitation in the southern Brooks Range. We can then attempt to 
assess the effects of Holocene variation in the amount of winter precipitation on the 
isotopic composition of Takahula Lake-water by assuming (1) that the summer 
contribution of precipitation to the lake-water remained the same over the past 8000 
years, and (2) that nearly all precipitation falling as snow in the watershed enters the lake. 
These assumptions are not necessarily valid, and we do not have data to evaluate them. 
Nonetheless, this exercise provides a means to assess the possible effect of changes in 
Holocene AL position on the Takahula Lake 18OCc record. Results reveal that increased 
winter precipitation associated with a westerly AL position may have contributed 1‰ 
shifts in the Takahula Lake 18OCc record (Fig. 2.6). Thus changes in the AL position 
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have potential to explain a portion of the marked 18OCc variations at Takahula Lake over 
the past 8000 years. For example, the 18OCc depression during the LIA may have 
resulted partially from the westerly position of the AL (Anderson et al., 2005). However, 
other factors, such as reduced evaporation and decreased temperature, must be invoked to 
account for the remaining portion of the LIA 18OCc shift. In addition, effective moisture, 
instead of the amount of winter precipitation alone, offers a more plausible explanation 
for the general coherency between the 18OCc and 13CCc profiles at Takahula Lake or 
between the Takahula Lake-isotope record and the GKSD sand-flux record of Mann et al. 
(2002a).  This conclusion is consistent with our inference that changes in evaporative 
18O- enrichment related to aridity was a major control of 18OCc variation at this site. 
Linking paleoclimate records to large-scale atmospheric circulation patterns, such 
as the AL, provides an important context for understanding the causal mechanisms of 
climate change and for advancing testable paleoclimate hypotheses. The AL position, as 
summarized by indices such as the NPI, can explain important aspects of spatial patterns 
in moisture delivery in Alaska and elsewhere (Cayan and Peterson, 1989; Trenberth and 
Hurrell, 1994; Mantua et al., 1997). For example, based on today’s atmospheric 
circulation patterns, moisture patterns associated with variation of the AL should have the 
opposite signs of winter precipitation between interior Alaska and the midwestern United 
States (Leathers et al., 1991). The reason is that enhanced ridging and meridional flow 
during years with a western AL position leads to a southern displacement of the contact 
between polar and tropical air masses, and hence a southern displacement of storm track 
over the Midwest. Although a detailed comparison is premature, temporal trends in the 
aridity records from the Midwest (e.g., Laird et al., 1996; Nelson et al., 2004; Booth et 
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al., 2005) differ greatly from those at Takahula Lake, with no persistently opposite trends 
between the two regions. For example, 18OCc and mineral records in western Minnesota 
show a general trend of increasing effective moisture from 8000 to 4000 cal. BP (Nelson 
et al., 2004), and paleolimnological data from the south-central Brooks Range display a 
general trend of increasing effective moisture with fluctuations from 8000 to 5500 cal. 
BP, followed by a decreasing trend between 5500 and 4000 cal. BP. These patterns imply 
non-stationarity of synoptic atmospheric processes with multiple interacting controls of 
the climatic system in each region at millennial timescales.  
Non-stationary relationships are also apparent among Holocene paleoclimate 
records from different areas of Alaska and adjacent Canada. For example, a 18OCc  
record from Marcella Lake (Anderson et al., 2007) and a diatom-assemblage record from 
Lake U60 (Pienitz et al., 2000), both located in the Yukon Territory and influenced by 
similar moisture advection pathways as interior Alaska, show enhanced moisture 
availability between 3000 and 2000 cal. BP and dry conditions during the 20th century. 
These patterns are generally consistent with the Takahula Lake record. However, both 
records from the Yukon Territory show no evidence for sustained drought between 5000 
and 4000 cal. BP, a prominent feature in the central Brooks Range. Similarly, the spatial 
patterns in moisture distribution appear complex during the LIA. A number of studies 
reveal enhanced effective moisture during the LIA (Ellis and Calkin, 1984; Hu et al., 
2001; Mann et al., 2002a), similar to the pattern at Takahula Lake. In contrast, other 
records provide evidence for decreased lake levels and dry conditions within the same 
period (Pienitz et al., 2000; Anderson et al., 2007; Tinner et al., 2008; Chipman et al., 
2009; Sikorski et al., 2009). It is unclear how these discrepancies are linked to 
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precipitation anomalies associated with the AL position or other climatic drivers during 
the little LIA, or if they possibly reflect idiosyncratic responses of individual sites and 
climate-proxy types to the same climatic forcings. Understanding the spatial patterns of 
moisture history may provide a fingerprint with which to differentiate alternative 
scenarios of dominant atmospheric circulation patterns throughout the Holocene in 
Beringia (Edwards et al., 2001). An improved network of high-quality Holocene records 
of effective moisture would be necessary for deciphering changes in atmospheric modes 
(Mock et al., 1998) and their impacts on regional climate patterns. 
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2.9 TABLES 
Table 2.1     AMS-14C ages from the Takahula Lake sediment core. 
Lab ID 
CAMS # 
Material Depth [cm] 14C age 
[years BP] 
± Error Calibrated 
age [BP] 
2 sigma calibrated age 
range [BP] 
114287 wood 10 765 40 701 744 - 658 
105112 twig 25 2100 35 2055 2160 - 1950 
113013 wood 30 2450 45 2535 2720 - 2350 
113014 wood 45 3700 50 4025 4160 - 3890 
113015* wood 103 5185 40 5940 6000 - 5880 
111173 wood 143 4545 35 5180 5320 - 5040 
93525 wood 186 4960 30 5675 5750 - 5600 
113016 needle 242 5965 50 6785 6910 - 6660 
116970 wood 253.5 6910 60 7735 7860 - 7610 
Sample indicated by (*) was dropped from age model. See main text for additional description. 
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2.10 FIGURES 
 
 
 
Figure 2.1   (A) Locations of Takahula Lake (TK), other sites mentioned in text (BL: Birch Lake; FL: 
Farewell Lake; GKD: Great Kobuk Dune Field; JB: Jelly Bean Lake; TU: Tangled Up Lake), and weather 
stations (1: Bettles; 2: Barrow; 3: Bethel; 4: Mayo, 5: Whitehorse). (B) Topographic map of Takahula Lake 
and surrounding area; stippled line delineates watershed boundary based on surface drainage; star indicates 
core location. 
 
 
 
 
 
 
 
Figure 2.2   Age-depth model based on 210Pb dates of bulk sediments and 14C dates on terrestrial 
macrofossils. Inset shows detail of the upper 4.5 cm. Error bars represent 2-sigma ranges. 
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Figure 2.3   (A) Lithology of the Takahula Lake sediments. Black: gyttja; white: carbonate-rich sediment; 
dotted: sand; dashed line: small-pebble layer; (B) carbonate fraction of sediment; (C) carbonate 
accumulation rates; (D) 13C of Chara-stem encrustations; (E) 18O of Chara-stem encrustations. 
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 Figure 2.4   (A) Comparison of modeled mean monthly isotope composition of precipitation at Takahula 
Lake (large open circles) with Takahula Lake inlet water (large solid circle) and surface-water samples 
from other lakes in the south-central Brooks Range (small circles). Inset: water-isotope data from the 
Bethel, Barrow, Mayo, and Whitehorse GNIP stations used to establish a regional meteoric water line 
(RMWL). (B) Comparison of surface-water samples collected in the summers of 2002 and 2004 at 
Takahula Lake with the RMWL. (C) Cumulative degree days (base of 0 °C), and (D) precipitation in 2002 
and 2004 and the mean of the last 50 years at Bettles. 
 
 
  
Figure 2.5   13CCc versus 18OCc of Chara-stem encrustations in the Takahula Lake sediments.
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Figure 2.6   Comparison of the Takahula Lake 18O record with other proxy climate records from the 
region. (A) Brooks Range cirque glacier activity; * indicates dates on organic material overrun by 
advancing glaciers, and arrows indicate mean of lichenometric-date clusters on post-glacial moraines 
formed when glaciers retreated. Solid line indicates qualitative interpretation of glacier size (Ellis and 
Calkin, 1984; calibrated following Solomina and Calkin, 2003); (B) aeolian silt accumulation rate at 
Wolverine Lake, representing dune activity at the Great Kobuk Dune Field (Mann et al., 2002a); (C) 
Tangled Up Lake 18OCc record with LOESS (Cleveland and Devlin, 1988) (black line) of the raw data 
(small squares, grey line) to highlight major trends (Anderson et al., 2001); (D) 18O record and Aleutian 
Low reconstruction from Jelly Bean Lake (Anderson et al., 2005); note that the vertical scale is reversed for 
ease of comparison with the records from Takahula and Tangled Up lake (E) Takahula Lake 18OCc raw 
data (solid line), and 18OCc record after accounting for variation in the amount of winter precipitation (stippled line); see text for details. 
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Figure 2.7   Comparison of the mean Aleutian Low position as summarized by the NPI (diamond) with 
cumulative precipitation at Bettles Field (plus) between November and March. Solid lines represent three-
point moving averages. We highlight moving averages because the weather conditions of any individual 
year are influenced by stochastic factors and large-scale mode should be better manifested over the course 
of several years. 
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CHAPTER 3* 
SIX MILLENNIA OF SUMMER TEMPERATURE VARIATION BASED ON MIDGE 
ANALYSIS OF LAKE SEDIMENTS FROM ALASKA 
 
3.1 ABSTRACT 
Despite their importance for evaluating anthropogenic climatic change, 
quantitative temperature reconstructions of the Holocene remain scarce from northern 
high-latitude regions. We conducted high-resolution midge analysis on the sediments of 
the past 6000 years from a lake in south-central Alaska. Results were used to estimate 
summer temperature (TJuly) variations on the basis of a midge temperature transfer 
function. The TJuly estimates from the near-surface samples are broadly consistent with 
instrumental and treering-based temperature data. Together with previous studies, these 
results suggest that midge assemblages are more sensitive to small shifts in summer 
temperature (~0.5 °C) than indicated by the typical error range of midge temperature 
transfer functions (~1.5 °C). A piecewise linear regression analysis identifies a significant 
change point at ca. 4000 years before present (cal. BP) in our TJuly record, with a 
decreasing trend after this point. Episodic TJuly peaks (~14.5 °C) between 5500 and 4200 
cal. BP and the subsequent climatic cooling may have resulted from decreasing summer 
insolation associated with the precessional cycle. Centennial-scale climatic cooling of up 
to 1 °C occurred around 4000, 3300, 1800-1300, 600, and 250 cal. BP. These cooling 
events were more pronounced and lasted longer during the last two millennia than 
between 2000-4000 cal. BP. Some of these events have counterparts in climatic records 
                                                
* This chapter is published as: Clegg, B.F., Clarke, G.H., Chipman, M.L., Chou, M., Walker, I.R., Tinner, 
W., and Hu, F.S., 2010. Six millennia of summer temperature variation based on midge analysis of lake 
sediments from Alaska. Quaternary Science Reviews 29, 3308-3316. 
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from elsewhere in Alaska and other regions of the Northern Hemisphere, including 
several roughly synchronous with known grand minima in solar irradiance. Over the past 
2000 years, our TJuly record displays patterns similar to those inferred from a wide variety 
of temperature proxy indicators at other sites in Alaska, including climatic fluctuations 
coeval with the Little Ice Age (~245 cal. BP), the Medieval Climate Anomaly (~1000 cal. 
BP), and the First Millennial Cooling (~1400 cal. BP). To our knowledge, this study 
offers the first high-resolution, quantitative record of summer-temperature variation that 
spans longer than the past 2000 years from the high-latitude regions around the North 
Pacific. 
 
3.2 INTRODUCTION 
Evaluating anthropogenic effects on the Earth’s climate system requires proxy 
records of natural climatic variation at decadal to millennial timescales. This rationale has 
motivated numerous paleoclimate studies and resulted in a proliferation of Holocene 
climate records, especially those focusing on the past two millennia. Among the most 
important results are the uniqueness of 20th-century warming and the spatially 
heterogeneous expressions of climate change. In Alaska, several decades of paleo-studies 
have amassed a large database of multi-proxy climate indicators that span the Holocene 
and beyond, including pollen, tree-ring, sedimentological, and geochemical records (e.g., 
Anderson and Brubaker, 1994; Hu et al., 1998, 2003; Wiles et al., 1998, 2008; Abbott et 
al., 2000; Anderson et al., 2001; Brubaker et al., 2001; Tinner et al., 2008; McKay and 
Kaufman, 2009; Barclay et al., 2009; Clegg and Hu, 2010). These records offer insights 
into past changes in temperature, moisture, atmospheric circulation patterns, and 
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ecosystem processes. However, the majority of these records provide qualitative 
inferences, and in many cases it is difficult or impossible to disentangle the controlling 
factors that led to fluctuations in various proxy indicators in lake sediments. These 
problems greatly diminish the value of these records to assess the relative importance of 
various climatic drivers and to provide baseline information for recent warming. 
Although several recent studies have attempted to quantify temperature fluctuations from 
lake-sediment analyses (Hu et al., 2001; Loso et al., 2006; Kurek et al., 2009; Kurek and 
Cwynar, 2009; McKay et al., 2008), quantitative summer-temperature records remain 
scarce from Alaska.    
Analysis of midge (chironomid, chaoborid, and ceratopogonid) assemblages has 
proven effective for reconstructing summer temperature (Battarbee et al., 2002). Midge 
larvae are highly sensitive to summer lake-water temperature, which reflects air 
temperature in lakes without strong thermal stratification, and fossil midge assemblages 
preserved in lake sediments have been applied to quantify temperature changes (e.g., 
Walker et al., 1991; Levesque et al., 1994; Brooks and Birks, 2001; Porinchu et al., 2009; 
Larocque and Bigler, 2004). Midge transfer functions of July temperature and other 
variables were recently developed for Alaska and adjacent regions (e.g., Walker et al., 
2003; Barley, 2004; Barley et al., 2006) and used to elucidate millennial-scale climate 
variation during the late Quaternary (Kurek et al., 2009). As with other midge-based 
temperature reconstructions, applications of this transfer function may be hampered by 
the small range of Holocene temperature variation relative to the statistical uncertainties 
of the transfer function. However, a number of studies from high-altitude and high-
latitude lakes in various regions have demonstrated the reliability of midge assemblages 
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for quantitative reconstructions of Holocene temperature changes (e.g., Seppä et al., 
2002; Heiri et al., 2003; Larocque and Hall, 2003; Rosenberg et al., 2004; Chase et al., 
2008).  
We analyzed sediments of the past 6000 years from Moose Lake (61°22.45’N, 
143°35.93’W, 437 m a.s.l.) in south-central Alaska for midge assemblages at decadal to 
centennial resolution. Here we report the results and use the assemblage data to derive 
mean July air temperature (TJuly) estimates using the transfer function of Barley et al. 
(2006). The reliability of this approach at Moose Lake is evaluated by comparing midge-
based TJuly estimates with weather-station and treering-based temperature data from the 
same region (Davi et al., 2003). We then discuss temperature fluctuations at centennial 
and millennial timescales over the past six millennia and explore the factors causing these 
fluctuations.  
 
3.3 STUDY SITE 
Moose Lake is located in the Chitina River drainage of the Wrangell-St Elias 
National Park and Preserve in south-central Alaska, bordered to the north and south by 
the Wrangell and Chugach Mountains (Fig. 3.1). This oligotrophic lake is a 
topographically closed basin in a gently rolling topography. Its surface area and 
maximum depth are 21.5 ha and 4.5 m, respectively. In the summer of 2007, the 
conductivity and temperature of the surface water were 316.8 µS and 19.2 °C, 
respectively, and the lake was not thermally stratified. Today the lake is surrounded by 
boreal forests dominated by Picea glauca MOENCH, Populus tremuloides MICHAUX, and 
Betula neoalaskana SARGENT, with patches of Alnus viridis ssp. crispa (AITON) TURRILL 
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and Salix sp. L. thickets. Picea mariana (MILL.) B.S.P. stands occupy poorly drained 
soils to the west. At Gulkana, ~120 km NW of Moose Lake, mean annual and July air 
temperatures are -2.7 °C and 14.1 °C, respectively, and mean annual precipitation is 27.6 
cm. Modern human influence in the watershed commenced with the AD 1907-1911 
construction of the Copper River and Northwestern Railway, which passed within 10 m 
of the lake’s shoreline. Pollen analysis at Moose Lake shows vegetational change 
accompanying the onset of local logging for the railway construction (Meier, 2003). 
 
3.4 MATERIALS AND METHODS 
We obtained two stratigraphically overlapping sediment cores using a Streif corer 
equipped with an electric hammer. In addition, we retrieved a short core containing the 
upper 53 cm of sediment and an intact sediment–water interface using a polycarbonate 
tube fitted with a piston. The cores were taken in the summer of AD 2000, and the core 
locations were within about 1-m from one another in the deepest part of the lake. The 
long cores were correlated on the basis of numerous lithological markers to ensure that no 
stratigraphic gaps existed. After lithological description, one core was sectioned into 
contiguous 1-cm intervals and stored in scintillation vials at 4 oC. The short core was 
sampled at contiguous 1-cm intervals in the field, and correlated with the long core based 
on a pronounced magnetic-susceptibility peak associated with a silt band (at 43 cm below 
the sediment-water interface). Subsamples from the same sediment sequence were used 
for the fire-history study reported in Lynch et al. (2004) and for the midge-assemblage 
analysis in this study.  
For chronological control, we used the 210Pb ages for the uppermost 10-cm 
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sediments and ten AMS (accelerator mass spectrometry) 14C ages from the lower 
sediments (Table 3.1). The 14C ages include six new samples in addition to the upper four 
samples of Lynch et al. (2004). The remaining three 14C ages reported in Lynch et al. 
(2004) were not used in the present study because they came from the sediments older 
than 6000 cal BP with extremely rapid deposition rates. The materials for 14C analysis are 
all plant macrofossils with the exception of one Picea-pollen extract (from 35 cm depth).  
The macrofossil at 78.5 cm was a node from a non-lignified plant stem and could have 
derived from either a terrestrial or an aquatic macrophyte. The remaining macrofossil 
ages consisted of either wood or spruce needles. All 14C ages were calibrated to years 
before 1950 AD (cal. BP) in Oxcal 4.1 using the IntCal09 calibration curve (Reimer et 
al., 2009). An age-depth model was calculated from the 14C ages and the oldest 210Pb age 
with a LOESS spline (span width=6/16). 
We conducted chironomid analysis on contiguous 1-cm intervals for the past 6000 
cal. years. Wet-sediment samples (2-3 cm3 each) were prepared with a modified protocol 
of Walker et al. (1991). Treatment with HCl was omitted because no carbonate was 
present in the Moose Lake sediments. All head capsules of chironomids and 
ceratopogonids as well as Chaoborus mandibles in the residue were isolated under 50x 
magnification, dried onto standard microscope slides, and mounted using Entellan®. 
Identification of the remains proceeded under 400x magnification following Walker 
(1988, 2007), Wiederholm (1983), and Oliver and Roussel (1983). Taxonomic resolution 
was harmonized with Barley et al. (2006).  
We estimated TJuly from midge assemblages using a two-component weighted 
averaging partial least squares (WA-PLS) model of Barley et al. (2006) with a reported 
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error envelope of 1.46 °C. The model training set includes surface sediment samples from 
sites spanning Alaska and neighboring regions (British Columbia, Yukon Territory, 
Northwest Territories). Temperature estimates were only obtained from samples with >50 
midge head capsules each (Heiri and Lotter, 2001). Samples with a total count below 50 
head capsules were either excluded (n = 30), or up to three adjacent samples were 
combined to achieve a minimum count of 50 (n = 9; equivalent to reduced sampling 
resolution). Modern analogue testing was performed by calculating the square-chord 
distance (Overpeck et al., 1985) between each down-core midge assemblage from Moose 
Lake and each of the assemblages in the training set of Barley et al. (2006). Samples 
outside the 75th and 95th percentiles of the training set square-chord distances were 
identified as poor and no analogues, respectively (Barley et al., 2006). Midge 
assemblages for each sample were passively loaded in a canonical correspondence 
analysis (CCA) of the training set to determine the dominant environmental drivers of 
variation. To help identify the break point between the multi-millennial trends apparent in 
our TJuly record, we performed a change point analysis on the record using a two-line 
linear regression (Zar, 1999). The selected change point maximizes the adjusted R2 of the 
two-line piecewise model (adjusted R2 = 0.41) and exceeds the adjusted R2 of the one-
line model (adjusted R2 = 0.27). 
 
3.5 RESULTS AND DISCUSSION 
3.5.1 Chronology 
Activity of 210Pb in near-surface sediment samples reaches the supported 
(background) level at 10 cm where an old-age-corrected age (Binford, 1990) of 64 cal. 
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BP is obtained (Lynch et al., 2004). The 14C ages are generally in stratigraphic order 
(Table 3.1). However, the calibrated age of the pollen extract at 35 cm is ~425 years 
older than expected from linear interpolation of adjacent macrofossil ages and was 
excluded from the age model (Fig. 3.2B). Although some studies indicate no systematic 
bias in carbon isotopic fractionation for sporopollenin (Brown et al., 1992), the dominant 
chemical constituent of subfossil pollen, others have found similar discrepancies for 14C 
ages on pollen extracts (Higuera et al., 2009). On the basis of the age model, our 
sampling resolution of 1-cm core interval is equivalent to 36.8 years on average for the 
past 6000 years. However, the actual temporal resolution of our TJuly record is 
substantially lower because of the sediment intervals where <50 midge head capsules 
were found (Fig. 3.3). These intervals mostly occur before 4500 cal. BP (Fig. 3.3) and 
generally correspond to silt layers in the core (Fig. 3.2A). 
 
3.5.2 Evaluating Midge Assemblages as a Proxy Indicator of July Temperature 
The midge assemblages at Moose Lake are dominated by littoral taxa throughout 
the past 6000 years (Fig. 3.3C). Microtendipes KIEFFER and ‘Tanytarsina other’ (mainly 
Tanytarsus V.D.WULP), both common components of oxygenated, littoral settings, 
constitute ~40-80% of the total head-capsule counts. Obligate profundal taxa of subarctic 
lakes are absent, and facultative profundal taxa rarely exceed 20% of the total count with 
Chironomus MEIGEN as the dominant type. Downcore assemblage changes are largely 
limited to variation in the relative abundance of various midge taxa, instead of complete 
replacement of taxa. Warm temperate taxa of the tribe Chironomini (Cryptotendipes 
LENZ, Endochironomus KIEFFER, Polypedilum KIEFFER, and Dicrotendipes KIEFFER) 
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reach maximal abundances between 5500 and 3400 cal. BP, whereas taxa with more 
moderate temperature optima (e.g., Microtendipes and Cladotanytarsus KIEFFER) peak 
slightly later in the middle Holocene. Cool temperate taxa, such as the subtribe 
Tanytarsina (represented by Tanytarsus and Paratanytarsus THIENEMANN&BAUSE), 
exhibit peak abundances both early in the record (6000-5500 cal. BP) and after ~3000 
cal. BP. The eurythermic taxon Chironomus peaks between 2000 and 400 cal. BP.  
The midge assemblages of >95% of our samples have good modern analogues 
(within the 75th percentile of the training set square-chord distances) (Fig. 3.3A). In 
addition, the strong correlation between our TJuly and CCA axis1 sample scores (r = -0.71, 
p < 0.001, n = 129) suggests that July temperature is a dominant control of midge 
assemblages, although dissolved organic carbon and lake depth also weakly load onto 
CCA axis1 (Barley et al., 2006). These results suggest that our midge-assemblage data 
have the potential to provide reliable TJuly inferences. However, the TJuly variation at 
Moose Lake does not exceed 2 °C over the past 6000 years. This range remains within 
the error envelope of the WA-PLS temperature-inference model (+/-1.46 °C; Barley et 
al., 2006), similar to midge-based temperature records of the Holocene from other 
regions (e.g., Heiri et al. 2003). Caution is thus warranted when interpreting midge-based 
temperature records on Holocene timescales, especially if environmental variables other 
than summer temperature have varied within the lake and its watershed (Brooks, 2006).  
To evaluate the performance of the midge TJuly model of Barley et al. (2006) at 
Moose Lake, we compare our TJuly inferences with instrumental and independent proxy 
temperature data. The youngest sample of the Moose Lake midge record (from 3.0-3.5-
cm core depth; we did not have adequate amount of sediment from 0-3 cm for midge 
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analysis) encompasses sediment deposition of AD 1968-1972. The inferred TJuly from this 
sample (13.76 ± 1.43 °C) compares favorably with the mean of instrumental July 
temperatures of the same period (13.77 ± 1.13 °C, corrected for a dry adiabatic lapse rate 
of 9.80 °C per km) as recorded at a nearby weather station (Gulkana Airport). The 
relatively coarse resolution of the Moose Lake midge record, along with the brevity of 
weather-station records from our study region (~50 years), precludes a further assessment 
of our midge-based TJuly estimates through comparison with instrumental climate data. 
However, the midge TJuly estimates of the past 350 years (Fig. 3.4A) can be compared 
with treering temperature estimates of the same period from treeline sites in the Wrangell 
Mountains (Davi et al., 2003; Fig. 3.4B). In general, the midge temperature inferences 
parallel the treering temperature patterns. For example, the two records exhibit similar 
magnitudes of post-LIA warming and both capture low temperatures corresponding to the 
middle and late phases of the Little Ice Age (LIA; ~500-100 cal. BP) centered at 245 cal. 
BP, which also coincide with local advances in valley glaciers within the Wrangell 
Mountains (Wiles et al., 2004). However, the specific peaks and troughs do not always 
match between the two records, which is expected given the chronological uncertainties 
associated with our 210Pb ages and with the age-depth model for samples older than 64 
cal. BP.  
These results contribute to a growing body of evidence demonstrating the utility 
of midge assemblages for reconstruction of relatively small TJuly variation on both historic 
and Holocene timescales (e.g., Heiri et al., 2003; Larocque and Hall, 2003). Together, 
these studies indicate greater sensitivity of midge assemblages to TJuly variation than 
implied by reported error envelopes of midge temperature transfer functions. A plausible 
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explanation is the greater temporal constancy of environmental factors, such as elevation, 
bathometry, bedrock type, and edaphic factors affecting lake chemistry, at an individual 
site where down-core midge analysis is performed for TJuly reconstruction. In comparison, 
the variance of each of these factors is much larger across the sites in an inference model 
training set.  
 
3.5.3 Temperature Fluctuations Over the Past 2000 Years: Comparison With 
Previous Results 
A number of recent paleoclimate studies in Alaska and elsewhere have focused on 
high-resolution reconstructions over the past two millennia (e.g., Hu et al., 2001; Loso et 
al., 2006; McKay et al., 2008). Comparisons of the TJuly record from Moose Lake with 
other Alaskan temperature records suggest that the regional coherency observed in 
instrumental temperature records (e.g., Wiles et al., 1998; Gedalof and Smith, 2001; 
Wilson et al., 2007) extends broadly to at least 2000 cal. BP. For example, climatic 
events such as the LIA and the Medieval Climate Anomaly occurred largely 
synchronously between our TJuly record from Moose Lake (Fig. 3.4C) and a 18O-based 
temperature record from Farewell Lake on the northwestern foothills of the Alaska Range 
(Hu et al., 2001, Fig. 3.4D). Local temperature minima likely associated with First 
Millennium AD Cooling (centered at 1400 cal. BP; Wiles et al., 2008) are evident at both 
Farewell and Hallet (McKay et al., 2008, Fig. 3.4E) lakes. Although Moose Lake also 
displays a local temperature minimum within the first millennium AD, it appears more 
subdued than at the other sites and is offset by ~150 years, potentially a result of 
chronological uncertainties in this section of the core. Several features in the Moose Lake 
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temperature record also have counterparts in the composite temperature profiles from the 
Northern Hemisphere (Fig. 3.4 F-H). For example, the Moose Lake record displays high 
temperature estimates around 1000 cal. BP and maximal LIA cooling between 400 and 
200 cal. BP, as in other reconstructions from the Northern Hemisphere (Moberg et al., 
2005; Mann et al., 2008; Kaufman et al., 2009). These similarities suggest that at 
centennial to millennial timescales, regional temperature in Alaska responds to large-
scale climatic forcings, such as solar activity, Earth’s orbital parameters, volcanism, and 
anthropogenic CO2.  
The Moose Lake TJuly record is of limited value for assessing anthropogenic 
warming in the context of the long-term natural variability because of the relatively 
coarse temporal resolution and potential impacts of human activity on the lake chemistry. 
The youngest sample of the record spans the period of AD 1968-1972, falling within the 
cooler interval of the 20th century in Alaska (Chapin et al., 2005). Although the Moose 
Lake TJuly record displays an increasing trend over the past 150 years, the TJuly values in 
several warm intervals of the past 6000 years were comparable to or exceeded early 20th-
century values. For example, the TJuly values during the Medieval Climate Anomaly 
(MCA; centered ~1000 cal. BP) were generally higher than the early 20th-century values 
(Fig. 3.4C). This pattern contrasts with previous high-resolution temperature 
reconstructions from Alaska. For example, the 20th-century climate was among the 
warmest periods of the past two millennia on the basis of 18O data at Farewell Lake (Hu 
et al., 2001, Fig. 3.4D), and a summer temperature increase of 2.0 °C over the past ~150 
years was inferred from a biogenic silica (BSi) record from Hallett Lake (135 km W of 
Moose Lake) (McKay et al., 2008, Fig. 3.4E). We are uncertain about the reasons for 
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these discrepancies. One possible explanation is that our midge-based TJuly estimates for 
the 20th century were compromised by lake physical and chemical changes as a result of 
the railway construction and logging near Moose Lake in the early 1900’s. However, the 
TJuly estimate of our youngest sample matches well with the mean of instrumental 
temperature measurements for the same period (see Section 4.2).  Other possibilities 
include potential proxy-specific biases of temperature inferences. For example, BSi-
based temperature estimates can be skewed by better preservation of diatoms in near-
surface than older sediments, whereas midge-based temperature estimates may be 
influenced by lake-depth fluctuations. Ultimately, a network of temperature 
reconstructions from the region is needed to differentiate climate signals from potential 
local effects and to help explain the discrepancies among these existing temperature 
records.  
 
3.5.4 Late-Holocene Cooling Trend and Centennial-Scale Climatic Oscillation Over 
the Past 6000 Years: The Role of Orbital Forcing and Solar Output? 
Visual inspection of our TJuly record (Fig. 3.3A) suggests a decreasing trend after 
4000 cal. BP and the possibility of an increasing trend before. Consistent with this 
qualitative assessment, a two-part piecewise linear regression analysis identifies a 
significant change point at 4000 cal. BP. The slopes of linear regression models across 
the TJuly data differ significantly from 0 both before and after the change point (p < 
0.001).  
The temporal resolution of our record is low prior to ca. 4000 cal. BP, and the TJuly 
values show pronounced fluctuations. Thus it is difficult to decipher the overall trend 
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during this interval. Four prominent peaks (~14.5 °C) occur between 5500 and 4000 cal. 
BP (Fig. 3.3A), which are characterized by increases in thermophilous taxa, including 
Dicrotendipes and Endochironomus (Fig. 3.3C). Marked lithological changes occurred in 
the Moose Lake sediments prior to 4000 cal. BP (Fig. 3.2). These changes probably 
resulted from lake-level fluctuations (Lynch et al., 2004), which may have affected midge 
assemblages and confounded our TJuly estimates (Rees and Cwynar, 2010). In particular, 
the abundance of thermophilous taxa 5500 to 4000 cal. BP could be alternatively 
attributed to lower lake levels and greater abundance of aquatic macrophytes. Higher 
abundance of pelagic first-instar midge larvae after 4000 cal. BP could be similarly 
interpreted as an expansion of the lake’s hypolymnion. However, no consistent change in 
the relative abundance of littoral and profundal taxa exists between this period and other 
time intervals, and the TJuly fluctuation does not always coincide with lithological changes 
attributable to water-depth variation. For example, high TJuly values were inferred from 
midge assemblages in a sediment section encompassing a transition from predominantly 
silt and silty gyttja (5500-5000 cal. BP) to predominantly fibrous gyttja (5000-4000 cal. 
BP), which may reflect decreased lake levels (Lynch et al., 2004). In addition, 
Polypedilum, which is commonly found in association with macrophytes (Buskens, 1987; 
Brodersen et al., 2001), persists at high abundance until 3700 cal. BP, after the decline of 
the thermophilous taxa Endochironomus and Dicrotendipes. This pattern seems to 
indicate persistent shallow conditions following a decline in TJuly. Furthermore, a return to 
silty sediments between 1000 and 500 cal. BP is not associated with maximal TJuly 
estimates. These discrepancies suggest that the lake-level fluctuations inferred from 
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lithological changes do not compromise our inference of episodic high TJuly intervals 
during 4000-5500 cal. BP. 
The broad trend of climatic cooling over the past 4000 years encompasses several 
intervals of relatively stable TJuly (3900–3500, 2400–1900, 1300–800 cal. BP). Late-
Holocene climatic cooling has been documented with other proxy climate records from 
Alaska. For example, radiocarbon ages on glacially overrun wood provide a minimum 
age estimate of 3100 cal. BP for the onset of Neoglacial cooling in the Wrangell and 
Saint Elias mountains (Barclay et al., 2009). Lake-sediment records suggest an even 
earlier Holocene onset of glacier activity between 4500 and 4000 cal. BP at two high-
elevation sites in the Chugach Mountains (McKay and Kaufman, 2009), similar in time to 
the oldest Holocene-aged moraines of the Brooks Range (Ellis and Calkin, 1984). 
Furthermore, a pollen record from Grizzly Lake in the Copper River Basin displays a 
decreasing trend of tree abundance accompanied by increases in cold-adapted shrub (e.g. 
Alnus viridis) and herbaceous taxa (Tinner et al., 2006). These palynological changes 
suggest decreasing forest cover probably as a result of climatic cooling. The general 
agreement among these records provides evidence for a broad transition toward a cooler 
and perhaps moister late-Holocene climate in Alaska. This cooling trend may have 
started after the early-Holocene thermal maximum, possibly driven by decreasing 
summer insolation associated with the precessional cycle (Kaufman et al., 2004). 
However, our TJuly record reveals prominent temperature minima between 6000 and 5500 
cal. BP and marked fluctuations prior to 4000 cal. BP (Fig. 3.3A). It is possible that the 
low TJuly values prior to 5500 cal. BP could reflect isolated cold reversals similar to 
events that interrupted peak early-Holocene warmth in the Canadian Arctic (Axford et al., 
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2009). Additional temperature records, especially those spanning the entire Holocene, are 
needed to test the role of orbital variation in the evolution of summer temperatures in 
Alaska. 
Superimposed on the millennial-scale patterns described above are a number of 
prominent temperature drops (up to 1 °C) throughout the past 4000 years, each lasting up 
to several-hundred years. These intervals are centered around 4000, 3300, 1800–1300, 
600, and 250 cal. BP, and are characterized by subtle but consistent and simultaneous 
declines in all of the most thermophilous taxa in the midge assemblage (e.g., 
Dicrotendipes, Cryptotendipes, and Chaoborus). Similar temperature drops also occurred 
prior to 4500 cal. BP, but their timing is difficult to determine because of the coarse 
temporal resolution of our TJuly record during that period. Within the limit of 
chronological uncertainties, some (but not all) of these cooling events at Moose Lake 
coincide with periods of reduced solar irradiance, such as the solar minima centered on 
the middle and late LIA (250 and 100 cal. BP), 1400 cal. BP, and 3400 cal. BP 
(Steinhilber et al., 2009). Although the co-occurrence of solar minima with cooling 
during the LIA is well appreciated, the role of solar output in modulating surface 
temperature remains controversial, partially because the effect of solar activity changes 
on the surface energy budget is orders of magnitude lower than drivers operating over 
shorter timescales (such as clouds or volcanism) (Damon and Peristykh, 2005). 
Nonetheless, a number of recent paleoclimate studies have attributed decadal- to 
millennial-scale variation to fluctuating solar irradiance in Alaska (Hu et al., 2003; Wiles 
et al., 2004; Tinner et al., 2008) and elsewhere (Hegerl et al., 2003; Damon and 
Peristykh, 2005; Eichler et al., 2009). Thus the potential role of solar irradiance in high-
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latitude climate change remains an issue that warrants further research (MacDonald, 
2010). Analysis of midge assemblages in lake-sediment cores from other sites are 
necessary to verify our results from Moose Lake and to assess the potential linkages of 
summer temperature variation to fluctuating solar output. 
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3.7 TABLES 
TABLE 3.1   AMS-14C ages from the Moose Lake sediment core. 
Lab ID 
 
Material Depth [cm] 14C age 
[years 
BP] 
± Error Calibrated 
age [BP] 
2 sigma 
error of cal. 
age [years] 
131673a charcoal 24-25 320 35 385 85 
14756b lignified material 29-30 370 35 460 65 
107027a,c pollen 34-36 1030 40 955 55 
131674a wood 40-41 600 45 595 65 
145304a needle 51-52 1575 35 1461 75 
80803a wood 55-56 1730 40 1636 86 
145305a epithelium 78-79 2970 50 3115 152 
84950a needle 110-111 3485 40 3756 116 
80799a wood 130-131 4005 45 4478 177 
80800a wood 168-169 5250 40 6004 80 
Ages with CAMS and POZ numbers were analyzed at the Lawrence Livermore National Laboratoryʼs 
Center for Accelerator Mass Spectrometry, Livermore, CA, USA and the Poznan Radiocarbon Laboratory, 
Poznan, Poland, respectively. 
a CAMS.  
b POZ.  
c Sample excluded from age model; see details in text. 
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3.8   FIGURES 
 
 
Figure 3.1   (A) Locations of Moose Lake (ML) and other sites mentioned in the text (HL: Hallett Lake; 
FL: Farewell Lake; GA: Gulkana Airport weather station). (B) Topographic map of the Copper River 
Basin. (C) Moose Lake and surrounding area; X denotes coring location within lake. 
 
 
 
 
 Figure 3.2   (A) Lithology of the Moose Lake sediments. (B) Age-depth model based on 210Pb ages of bulk 
sediments and calibrated 14C ages; solid squares indicate ages on macrofossils, and empty square indicates 
age on spruce pollen extract (not included in age model). Inset shows detail of the upper 10 cm. Error bars 
represent 2-sigma ranges. 
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 Figure 3.3   (A) WA-PLS-based TJuly reconstruction; thin line: raw data; thick line: LOESS smoothing with a 300-year span (dashed sections span gaps in data); stippled lines: linear regressions before and 
after change point at 4000 cal. BP. Open circles indicate samples with poor analogues, closed circles 
indicate samples with no analogue. (B) Total number of identifiable midge remains per sample. (C) 
Midge assemblages; individual midge taxa are expressed as percent of all identifiable head capsules per 
sample. From top to bottom, taxa are arranged in order of decreasing temperature optima (listed in 
brackets in (C) according to Barley et al. (2006). 
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Figure 3.4   (A-B) Comparison of Moose Lake TJuly (A) and 50-year running averages of treering-inferred temperatures (July through September) from Wrangell Mountain tree line sites (B; Davi et al., 
2003). (C-H) Comparison of Moose Lake TJuly (C; thin line: raw data; thick line: LOESS with a 300-year span width) with regional temperature records (D: Farewell Lake, Hu et al., 2001; E: Hallet Lake, 
McKay et al., 2008) and with composite temperature records from the Northern Hemisphere (F: 
Moberg et al., 2005; G: Mann et al., 2008) and the Arctic (H: Kaufman et al., 2009). Regional and 
hemispheric temperature records are presented as LOESS-smoothed curves with a 300-year span. 
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CHAPTER 4 
NONLINEAR RESPONSE OF SUMMER TEMPERATURE TO HOLOCENE INSOLATION 
FORCING IN ALASKA 
 
4.1 ABSTRACT 
Regional climate responses to large-scale forcings, such as precessional changes 
in solar irradiation and increases in anthropogenic greenhouse gases, may be nonlinear as 
a result of complex interactions among earth system components. Such nonlinear 
behaviors constitute a major source of climate “surprises” with important socio-economic 
and ecological implications. Paleorecords are key for elucidating patterns and 
mechanisms of nonlinear responses to radiative forcing, but their utility has been greatly 
limited by the paucity of quantitative temperature reconstructions. Here we present 
Holocene July-temperature reconstructions on the basis of midge analysis of sediment 
cores from three Alaskan lakes. Results show that summer temperatures during 10,000-
5500 cal. BP were generally lower than modern and that peak summer temperatures 
around 5000 cal. BP were followed by a decreasing trend towards the present. These 
patterns stand in stark contrast with the trend of precessional insolation, which decreased 
by ~10% from 10,000 years ago to the present. Cool summers prior to 5500 cal. BP 
coincided with extensive summer ice cover in the western Arctic Ocean, persistence of a 
positive phase of the Arctic Oscillation and predominantly La Niña-like conditions. 
These results illustrate nonlinear responses of summer temperatures to Holocene 
insolation radiative forcing in the Alaskan sub-Arctic, possibly because of insolation-
induced state changes in the Arctic Oscillation and El Niño-Southern Oscillation and 
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associated land-atmosphere-ocean feedbacks.  
 
4.2 INTRODUCTION 
Although radiative forcing by greenhouse gases is spatially uniform, temperature 
trajectories have displayed high variability both spatially and temporally during the 20th 
and 21st centuries. Understanding the patterns and causes of such variability is paramount 
to anticipating the impacts of climate change at local to regional scales. Among the major 
factors contributing to such heterogeneity are land-ocean feedbacks to atmospheric 
warming and atmosphere-ocean teleconnections associated with large-scale climate 
modes such as the Arctic Oscillation/North Atlantic Oscillation (AO/NAO) (Thompson 
and Wallace, 1998). For example, rising global mean temperatures are projected to 
increase prevalence of the AO/NAO positive phase by the end of this century. This 
change could accentuate the contrast of warming over Eurasia and interior Canada with 
cooling over northeastern Canada. 
Paleorecords can help understand mechanisms leading to spatially heterogeneous 
responses of temperature to radiative forcing. During the Holocene, high-latitude 
insolation varied markedly with the precessional cycle; for example, July short-wave 
radiation declined by ~50 W m-2 at 65° N latitude throughout the Holocene (Laskar et al., 
2004). Paleoclimate data and model simulations have demonstrated the dominant effect 
of decreasing insolation on the Holocene temperature trends of many Arctic regions 
(CAPE 2001; Kaufman et al., 2004). A recent synthesis of paleoclimate reconstructions 
from the western Arctic also found broad consistency in the spatial patterns of the 
Holocene Thermal Maximum and 20th-century warming, attributed to possible effects of 
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the AO during both periods (Kaufman et al. 2004). However, some outstanding 
exceptions to this consistency exist; in particular, Alaska was thought to have 
experienced a thermal maximum during the early Holocene, in contrast to cooling 
expected from a possible positive phase of AO. Paleoecologists have also long struggled 
with the conflict that tundra prevailed on today’s forested areas during the early Holocene 
when the regional climate was putatively warmer than today. Resolving these issues 
requires Holocene summer-temperature reconstructions, but such records have been 
scarce despite several decades of paleoclimate research (Kurek et al., 2009a; Clegg et al. 
2010).  
Transfer functions relating midge assemblages to mean July air temperature are 
considered one of the most reliable means for past temperature reconstruction. We 
analyzed sediment cores from three Alaskan lakes for midge assemblages. Results 
provide some of the first quantitative estimates of temperature change from the high-
latitude North Pacific sector. This study offers evidence for nonlinear responses to 
precessional insolation forcing at the regional scale, dispelling the long-standing 
assumption that the early-to-middle Holocene was warmer than later in sub-arctic Alaska. 
Our data also suggest that land-atmosphere-ocean feedback processes played a key role in 
determining Holocene temperature trajectories. 
 
4.3 STUDY SITES 
Rainbow Lake (60° 43’N, 150° 48’W, 63 m a.s.l.) is located in the northwestern 
lowlands of the Kenai Peninsula, southern Alaska. It is situated between the Kenai 
Mountains and the Alaskan Range on till of a late-Pleistocene ground moraine. The lake 
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is fed by shallow groundwater, and overflows from a small outlet on its western shore. It 
has a surface area of 67.1 ha and a maximal water depth of 4.8 m. Today the lake is 
surrounded by closed boreal forest dominated by Picea glauca, Populus tremuloides, and 
Betula kenaica. Modern climate is transitional maritime/continental, with an average July 
temperature of 12.6 °C at the Kenai Airport weather station, ~ 29 km SW of the lake. A 
road passes the lake within 40 m, and a campground with boat access is located on the 
western shore of the lake. Recreation activities may have contributed to moderate 
eutrophication of the modern lake, with pronounced algal blooms contributing to 
extremely high sedimentation rate over the last ~50 years based on the lithology of the 
surface sediments. 
Hudson Lake (61° 54’N, 145° 40’W, 657 m a.s.l.) is located on the southern edge 
of the Copper River Basin, south-central Alaska. The lake is an open basin with a small 
inlet and a small outlet, a surface area of 256.2 ha, and a maximal water depth of 14.0 m.  
It is situated on a plateau in the foothills of the Chugach Mountains. The lake sits in silty 
sediments deposited by proglacial Lake Atna, which covered most of the Copper River 
Basin during the Pleistocene. Today Hudson Lake is surrounded by closed boreal forest 
with tall P. glauca stands on the steeper slopes and P. mariana stands on poorly drained 
areas to the southwest. Modern climate is continental, with an average July temperature 
of 14.1 °C at the Gulkana weather station, ~40 km NNW of the lake. A small camp 
associated with a correctional facility lies on a ridge overlooking the lake on the eastern 
shore. 
Screaming Lynx Lake (66° 04’N, 145° 24’W, 223 m a.s.l.) is situated within the 
Yukon Flats, east-central Alaska. The lake is a groundwater-fed, topographically closed 
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basin with a surface area of 3.5 ha and a maximal depth of 7.4 m. Early-successional 
deciduous forests resulting from a fire in historical times dominate the watershed 
vegetation today. Remaining patches of pre-fire vegetation indicate that a closed forest 
dominated by P. glauca and B. neoalaskana surrounded the lake. Tall Salix shrubs form a 
dense understory near the lake margin. Modern climate is continental, and temperature 
seasonality and July temperatures in this area are among the highest in Alaska. Mean July 
temperature is 16.8 °C at the Fort Yukon weather station, located ~55 km N of the lake. 
 
4.4 MATERIALS AND METHODS 
Sediments were obtained from the deepest parts of Rainbow, Hudson, Rainbow, 
and Screaming Lynx lakes in the summers of 2004, 2005, and 2007, respectively. From 
each lake, two overlapping cores were taken with a modified Livingstone corer. A 
surface core with an intact mud-water interface was obtained with a piston-operated 
polycarbonate tube. The upper 10-20 cm of the surface cores were sectioned at 0.5-cm 
intervals in the field and the remainder of the cores sealed for transport. All cores from 
each lake were correlated using lithologic markers and magnetic susceptibility.  
For chronological control, sediment samples from the top 20 cm were plated for 
210Pb activity (modified from Eakins and Morrison, 1978; Benoit and Hemond, 1987) and 
counted in an OctêtePlus alpha spectrometer at the University of Illinois. Ages were 
calculated using an old-age corrected CRS model (Binford, 1990). For older sediments, a 
total of 44 terrestrial-macrofossil samples were selected for 14C analysis (Table S.4.1). 
These samples were pretreated (Oswald et al., 2005) in a laminar flowhood and analyzed 
at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National 
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Laboratory. 14C ages were calibrated to years before AD1950 (cal. BP) in CALIB v.5.01 
(Stuiver and Reimer, 1993; Reimer et al., 2004). An age model was calculated for each 
lake from the 210Pb and 14C ages using a weighted cubic smoothing spline function 
(Higuera et al., 2009). 
Midge analysis was conducted on wet-sediment samples (2-3 cm3 each) following 
a modified protocol of Walker et al. (1991). Samples were sieved with a 90-µm mesh. All 
head capsules of chironomids and ceratopogonids as well as Chaoborus mandibles in the 
residue were isolated, dried onto standard microscope slides, and mounted using 
Entellan®. Identification of the remains followed Wiederholm (1983), Oliver and 
Roussel (1983), and Brooks et al. (2007). Taxonomic resolution was harmonized with 
Barley et al. (2006). 
We estimated mean July air temperature (TJuly) from midge assemblages using a 
two-component weighted averaging partial least squares (WA-PLS) model (Barley et al., 
2006) with a reported error envelope of 1.46 °C. The model training set includes surface-
sediment samples from sites spanning Alaska, and neighboring regions (British 
Columbia, Yukon Territory, Northwest Territories). Temperature estimates were obtained 
only if a sample contained >50 midge head capsules (Heiri and Lotter, 2001). Midge 
assemblages for each fossil sample were passively loaded in a CCA of the training set to 
determine the dominant environmental drivers of variation. The youngest samples from 
Hudson, Rainbow, and Screaming Lynx were compared with the mean July temperatures 
of equivalent years from weather stations at Gulkana, Kenai, and Fort Yukon, 
respectively, to assess the fidelity of TJuly inferences at each site. 
To facilitate comparison of Holocene temperature trajectories with other 
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paleoclimate records, we created a composite of our midge TJuly data and an additional 
Alaskan summer temperature record with strong chronological control (Chapter 5; Fig. 
4.1). The individual records were converted into z-scores to standardize the mean and 
variance, and resampled to a common temporal resolution. The composite TJuly record 
was then computed as a locally weighted regression (Cleveland, 1979) through the full 
set of transformed data using a 2000-yr moving window. Confidence envelopes were 
estimated by bootstrapping (n=1000) wherever two or more records contributed to the 
composite.  
 
4.5 RESULTS AND DISCUSSION 
4.5.1 Reliability of Midge-Based Temperature Reconstruction 
Despite their relatively large error envelopes (Walker et al., 1991; Barley et al., 
2006; Velle et al., 2010), midge temperature transfer functions have proven to provide 
reliable TJuly estimates when tested against instrumental and treering temperature records 
(e.g., Clegg et al. 2010; Larocque and Hall, 2003). The large error envelopes can be at 
least partially attributed to the wide range of limnological and watershed characteristics 
of the lakes from which surface (modern) sediments were collected for midge analysis, 
and these characteristics should have remained comparatively constant through time at 
any given site where midge assemblages are used to infer Holocene TJuly shifts (Clegg et 
al. 2010). A number of recent studies have successfully applied midge analysis to infer 
Holocene TJuly records (e.g., Heiri et al., 2003; Clegg et al., 2010).  
At Hudson, Rainbow, and Screaming Lynx lakes, midge assemblages are 
dominated by littoral chironomid genera, as expected for these relatively shallow lakes. 
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The assemblages vary predictably with the modern temperature gradient across these 
sites and the bathometric settings. Cold-stenotherm taxa (e.g., Sergentia and 
Micropsectra) typical of cold, high-Arctic lakes are most abundant at Hudson Lake (Fig. 
4.S.1), reflecting the colder temperature at this lake than at the other two sites. The 
greater water depth at Hudson Lake may also promote thermal stratification and allowed 
these taxa to persist in cool, profundal waters despite the boreal setting of the lake. For 
comparison, midge assemblages at Screaming Lynx Lake are skewed toward taxa with 
warm temperature optima, including the thermophilic taxa Chaoborus and Labrundinia 
(Fig. 4.S.2). These among-site differences in midge assemblages are captured by 
estimated TJuly values from the surface (modern) sediments, which increase from Hudson 
Lake to Rainbow Lake to Screaming Lynx Lake. These TJuly estimates along with that 
from Moose Lake in Alaska (Clegg et al., 2010) compare favorably with instrumental 
temperature data from the nearest weather stations (r=0.995, p<0.01, n=4). 
The reliability of midge-based TJuly estimates is also evidenced by the broad 
consistency of decadal-resolution temperature reconstructions from lakes within the same 
region and between midge and treering temperature records (Fig. 4.2). Within the 
chronological constraints of the lake-sediment records, a local TJuly minimum around 200 
cal. BP at Hudson Lake also occurred at a nearby midge record from Moose Lake (Clegg 
et al., 2010). This minimum during the middle Little Ice Age roughly coincides with 
minimal temperature estimates based on tree-ring records from the adjacent Wrangell 
Mountains (Davi et al., 2003; Wiles et al., 2004). These midge and treering records all 
display temperature increases that began around 150 cal. BP. Verifying TJuly estimates 
from Screaming Lynx Lake is more difficult, because no treering record of growing-
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season temperature is available from the adjacent areas.  The closest treering data come 
from the Arrigetch area in the Brooks Range (Jacoby et al., 1975), 409 km to the NW of 
Screaming Lynx Lake. Despite their great distance, both temperature reconstructions 
reveal sustained cool summer temperatures until the first decade of the 20th century. 
These and similar comparisons from other regions suggest that midge communities are 
sensitive to temperature fluctuations in the range of 0.5-2.0 °C (Larocque and Hall, 2003; 
Clegg et al., 2010). 
 
4.5.2 Patterns of Holocene Temperature Change 
The Holocene TJuly records from Hudson, Rainbow, and Screaming Lynx lakes 
have ranges of 11.15-12.93, 12.07-13.84, and 13.00-16.28 °C, respectively (Fig. 4.3). 
These records display some differences in their millennial-scale trends; for example, TJuly 
decreased at Hudson and increased slightly at Rainbow between 10,000 and 6000 cal. BP. 
Strikingly, however, none of the three records show persistently warmer-than-modern 
conditions during the first half of the Holocene, in contrast with precession-based 
predictions (Fig. 4.4B; see discussion below). To highlight the temporal patterns 
consistent among the sites and deemphasize site-specific variations, we derived a 
composite from these three records and a recently published TJuly record from Moose 
Lake (Clegg et al. 2010) for periods with at least three available records (past ~10,000 
years) (Fig. 4.3F). This composite record shows cooler-than-average conditions for 
sustained periods during 10,000-5500 cal. BP, interrupted by brief periods of near-
modern temperature values. Peak values in the record occurred around 5000 cal. BP, 
followed by a declining trend that culminates in a temperature minimum around 1500 cal. 
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BP. These general patterns are robust to the exclusion of any individual site. 
TJuly values from Hudson and Screaming Lynx lakes exhibit pronounced 
centennial-scale fluctuations (Fig. 4.3), some of which have magnitudes as large as the 
millennial-scale shifts in these records. A number of the temperature minima (e.g., 250, 
500, 1900-1100, 3500-3300, and 6000-5500 cal. BP) appear in other midge (Clegg et al., 
2010) and midge-independent climate records from Alaska (Hu et al., 2003), and have 
been attributed to climate responses to fluctuations in solar irradiance. However, several 
TJuly minima appear to be temporally offset among individual records; these differences 
could represent true spatial variability, or merely age-depth model uncertainty. In the 
remainder of this paper, we focus on broad millennial trends, especially the past ~10,000 
years when !3 records are available. 
Factors other than summer temperature, such as lake depth and terrestrial 
vegetation, also affect midge assemblages and thus could have confounded our TJuly 
estimates (Barley et al., 2006). Passively loaded fossil samples in the canonical 
correspondence analysis (CCA) space of modern midge assemblages reveal variation 
along Axis 1, which predominately reflects TJuly and dissolved organic carbon (DOC). 
Pronounced vegetational shifts occurred during the Holocene (e.g., Brubaker et al, 2001), 
which likely altered lake-water chemical composition, especially DOC concentration, and 
may have impacted midge assemblages. However, the millennial-scale TJuly trends are 
unrelated to major vegetational transitions in the pollen records from the same sites (F.S. 
Hu, unpublished data).  
Midge assemblages from all three sites also vary along CCA axis 2, which is 
partially controlled by lake depth and lake surface area on midge assemblages in modern 
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samples (Barley et al., 2006). Sample scores on CCA axes 1 and 2 are negatively 
correlated at two of our sites (Screaming Lynx Lake: r = -0.32, p < 0.01; Rainbow Lake: r 
= -0.76, p < 0.01). This pattern could indicate an influence of lake-depth on TJuly 
estimates, as low lake levels may favor littoral midge taxa with relatively high 
temperature optima (Velle et al., 2010). However, paleolimnological studies in Alaska 
(Bigelow, 1997; Hu et al., 1998; Abbott et al., 2000) have shown that the early Holocene 
was characterized by severe regional moisture deficits that reduced lake levels prior to 
~7000 cal. BP. To the extent that these low lake stands influenced midge communities, 
TJuly values would be overestimated for the first half of the Holocene, instead of 
underestimated. At Hudson Lake CCA axes 1 and 2 are positively correlated (r = 0.38, p 
< 0.01). We do not know of a biologically meaningful way in which lake-depth variations 
could have influenced TJuly estimates in this manner.  
Limited data from other sites are available for verification of our temperature 
reconstructions because most of the Holocene paleorecords from Alaska cannot be 
interpreted unambiguously in terms of summer temperature variations. A qualitative 
summer temperature record based on trace-element analysis from Farewell Lake, south-
central Alaska, shows that the period of early to middle Holocene was generally colder 
than later except for a transient temperature maximum centered at ~9000 cal. BP (Fig. 
4.4D; Hu et al. 1998). Three other midge records are available from Alaska and adjacent 
Canada (Kurek et al. 2009a, 2009b). Estimates of TJuly using the WA-PLS2 inference 
model of Barley et al. (2006) show a clear signal of warmer-than-present conditions 
between 10,000 and 5000 cal. BP, although at one of the sites estimated temperatures 
were higher between 18,000 and 11,000 cal. BP than today. While these results are in 
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general agreement with our findings, they do not focus on the Holocene section and many 
of the samples lack modern analogs, limiting their value for comparison with our data. 
Given that all three of our new TJuly records have relatively high resolutions and strong 
chronological controls for the past 10,000 years, the millennial-scale patterns consistent 
among them should be robust and merit attention. 
 
4.5.3 Nonlinear Response to Insolation Forcing: Potential Roles of Ocean-
Atmosphere Feedbacks 
July insolation at 65° N latitude reached peak values during the early Holocene 
and decreased gradually throughout the remainder of the Holocene (Fig. 4.4A). The 
Holocene TJuly reconstruction from our midge assemblages is inconsistent with this broad 
pattern of insolation change, although the cooling trend from ~5000 cal. BP to present 
could reflect a direct response of TJuly to orbital forcing. The absence of an orbital signal 
during the first half of our temperature time series is surprising, given that general 
circulation model (GCM) simulations have highlighted insolation as a key driver of 
Holocene millennial-scale temperature change in high-latitude regions, including Alaska 
(Fig. 4.4B; Renssen et al., 2009; Singarayer and Valdes, 2010). In addition, proxy-
climate evidence for an early-to-middle Holocene thermal maximum has been reported 
from many areas of the Arctic (Kaufman et al, 2004); for example, treelines were up to 
300 km farther north in central Siberia (Khotinskiy, 1984; MacDonald et al., 2000). In 
Alaska, however, treelines were not beyond their modern limits during the early 
Holocene, and tundra and forest-tundra were common in today’s forested areas. The 
relatively high abundance of Populus in many Alaskan pollen records has often been 
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cited as evidence of early-Holocene thermal maximum between ~14,000-10,000 cal. BP 
(cf. Kaufman et al. 2004; recent pollen records show that the Populus peaks occurred 
around 11,500-10,000 cal. BP based on AMS dating of plant macrofossils). This 
interpretation is inconsistent with our TJuly data from Rainbow Lake, the only one of our 
records that spans this period. Populus is found in the tundra north of spruce treelines 
today, and the Populus-dominated vegetation may have resulted from extensive soil 
disturbance on the early-postglacial landscapes, rather than directly from a thermal 
maximum (Hu et al., 1993).   
The contrasting trajectories between our midge-inferred temperature record and 
Holocene summer insolation implicate major influences of factors other than direct 
precessional forcing on Alaskan summer temperature. Recent studies suggest that the 
mean atmospheric state of the early Holocene resembled the positive phase of the Arctic 
Oscillation (AO+) (Rimbu et al., 2003; Andersen et al., 2004; de Vernal et al., 2005; de 
Vernal and Hillaire-Marcel, 2006; Bendle and Rossell-Melé, 2007). In addition to AO+ 
anomalies, coral records from the tropical Pacific indicate major changes in sea-surface-
temperature variability, which suggest a progressive increase in ENSO (El Niño-Southern 
Oscillation) frequency starting around 7000 cal. BP until modern periodicities were 
reached by ~5000 cal. BP (Rodbell et al., 1999). Furthermore, foraminifer trace-element 
records of tropical sea surface temperature suggest predominately La Niña-like 
conditions prior to ~4000 cal. BP (Marchitto et al., 2010). As at present, the prevalence of 
AO+ and La Niña-like conditions would have likely cooled land areas of Alaska during 
the early-to-middle Holocene.  
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Although temperature anomalies associated with the AO and ENSO are most 
pronounced in winter and spring, these atmospheric modes may have affected the 
Holocene trajectory of summer temperature via inter-seasonal anomalies of sea ice. 
Modern AO+ conditions result in a distinct dipole of sea-ice cover in the Arctic with 
increased sea-ice cover in the western Arctic Ocean (Rigor et al., 2002). In addition, 
ENSO influences the sea-ice dipole between the eastern Bering Sea and the Sea of 
Okhotsk (Cavalieri and Parkinson, 1987; Alexander et al., 2010), with increased sea-ice 
concentration in the Bering Sea under La Niña-like conditions (Niebauer, 1988). 
Evidence of sea-ice anomalies during the early-to-middle Holocene exists from Chukchi 
and Beaufort seas, where recent dinoflagellate and geochemical analyses revealed 
extensive summer sea ice and low sea-surface temperatures prior to ~6000 cal. BP (Fig. 
4.4E; de Vernal et al., 2005; McKay et al., 2008). Such sea-ice anomalies could have 
dampened the summer-temperature effects of maximum insolation in Alaska. 
Furthermore, low spring temperatures would have limited forest development in a vast 
area of Alaska prior to 6000-5000 cal. BP (e.g., Anderson and Brubaker 1994), resulting 
in elevated summer albedo and diminished summer temperature effects of high insolation 
during the early-to-middle Holocene (Foley et al. 1994; Chapter 5). 
Regardless of the precise mechanism, our data illustrate that Holocene summer-
temperature variation in Alaska was not a linear function of solar forcing associated with 
precessional changes. Model experiments indicate that gradual changes in large-scale 
climatic drivers, such as insolation, can alter atmospheric circulation patterns and lead to 
nonlinear climatic responses at local to regional scales (DeMenocal et al., 2000; Hodell et 
al., 2001). For example, coupled atmosphere-ocean GCMs show that Holocene 
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millennial-scale shifts in the states of AO (Rimbu et al., 2003) and ENSO (Bush, 1999; 
Clement et al., 2000; Liu et al., 2000) may have resulted from precessional changes in 
insolation, and they implicate that variability in atmospheric modes played a key role in 
Holocene climate change. Given increasing concentrations of atmospheric greenhouse 
gases and a possible return to predominately positive-phase AO in the future (e.g., 
Shindell et al., 1999; Rind et al., 2005; Stephenson et al., 2006), disentangling these 
feedbacks to radiative forcing and quantifying them in GCM simulations remain 
important challenges for projecting future change. 
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4.7 FIGURES 
 
 
 
 
 
Figure 4.1   Map of sites and locations mentioned in text. Numbered circles correspond to quantitative 
temperature reconstructions included in our temperature composite (see Fig. 4.3): 1 – Rainbow Lake, 2 
– Screaming Lynx Lake, 3 – Hudson Lake, 4 – Moose Lake (Clegg et al., 2010). Lettered squares 
correspond to additional paleoclimate reconstructions mentioned in text: a – Farewell Lake (Hu et al., 
1998), b – dinoflagellate-inferred sea-ice record in the Chukchi Sea (Fig. 4.4E; de Vernal et al., 2005).  
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Figure 4.2     Comparison of (A) tree-ring-inferred summer temperature in the Wrangell Mountains (50 
year running mean; Davi et al., 2003) with (B) TJuly of Hudson (3-point moving average; solid line) and 
Moose Lakes (3-point moving average; stippled line), and (C) treering late-wood density in the central 
Brooks Range (50 year running mean; Jacoby et al., unpublished data) with (D) TJuly of Screaming Lynx 
Lake (3-point moving average).  
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Figure 4.3   Individual summer temperature records inferred from midge analysis of lake-
sediment cores (A: Moose Lake: Clegg et al, 2010; B-D: new data reported in this paper), and a 
composite (E) of the four records. Grey lines indicate 95% confidence intervals. Dotted line 
denotes composite based on <3 sites.
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Figure 4.4   Comparison of (A) July insolation at 65 °N latitude (Laskar et al., 2004) and (B) 
GCM summer temperature over the Alaskan sector (mean over land surface; Singarayer and 
Valdes, 2010), with (C) a composite of four summer temperature records (see Fig. 4.3), (D) a 
qualitative, Mg/Ca summer temperature record from Farewell Lake, northwestern Alaska Range 
(Hu et al., 1998), and (E) dinoflagellate-inferred seasonal sea ice cover in the eastern Chukchi 
Sea (de Vernal et al., 2005). Shaded areas correspond to early and middle Holocene periods 
with below-modern values in the composite temperature record. 
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4.8 SUPPLEMENTAL MATERIAL 
 
Table S.4.1 (in part)     AMS-14C ages from the Rainbow, Hudson and Screaming Lynx 
Lake sediment cores. 
Site Lab ID 
CAMS 
# 
Depth 
[cm] 
14C age 
[years 
BP] 
± 
Error 
Calibrated 
age [BP] 
2 sigma 
calibrated 
age range 
[BP] 
Material 
Rainbow 115587 
 
126 1950 45 1899 92 charcoal, birch 
bract 
 124551 165 2940 130 2805 589 birch seed, 
leaves 
 124552 183.5 3380 50 3486 316 irch seed, 
needle 
 115588 184.5 3395 50 3494 317 needle 
 119170 194.5 3870 35 4165 243 wood 
 119171 210 4045 35 4432 345 wood 
 124553 260 6220 35 7012 231 twig 
 115590 279 7235 45 8026 252 aquatic 
emergent moss 
 144114 303.5 8080 70 8712 523 terrestrial 
leaves 
 144115 328 9830 45 11190 133 aquatic 
emergent moss 
 119173 339.5 10365 35 12075 382 t rrestrial 
leaves 
 124554 350 11350 80 13091 273 aquatic 
emergent moss 
Hudson 124541 86 905 40 829 86 needle 
 120727* 88 7235 35 8046 111 wood 
 124542 115 1385 35 1301 50 needle 
 119166 141 1660 35 1561 122 needle 
 120728 176 2445 40 2504 194 needle 
 120729 212 2870 35 2993 139 needle 
 124543 238 3320 60 3549 141 wood 
 124544 266 3660 70 3988 214 wood 
 120730 298 3815 35 4204 176 needle 
 119169 345 4480 35 5165 119 needle 
 124545 357 4650 120 5361 231 needle 
 124546 398 5710 40 6496 129 needle 
 124547 414 5920 140 6754 382 needle 
 124548 432 6990 45 7824 103 charcoal 
 124549 448 7740 70 8516 168 charcoal 
 124550 459 8040 180 8923 477 charcoal 
 119167 483 11620 35 13454 147 wood 
 119168 512.5 11400 150 13268 328 terr. leaf, wood 
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Table S.4.1 (continued)     AMS-14C ages from the Rainbow, Hudson and Screaming 
Lynx Lake sediment cores. 
Site Lab ID 
CAMS 
# 
Depth 
[cm] 
14C age 
[years 
BP] 
± 
Error 
Calibrated 
age [BP] 
2 sigma 
calibrated 
age range 
[BP] 
Material 
Screaming 139048 56.5 635 35 599 64 needle 
       Lynx 142851 73.75 1295 45 1228 63 terr. leaf 
 139049 100.75 1980 60 1932 166 wood, 
charcoal, 
grass 
 143942 137.75 2820 30 2920 96 charred 
needles 
 142852* 161.5 3650 35 3970 142 bark 
 143941 167.5 3365 30 3606 78 charr d 
needles 
 143943* 181.5 4645 35 5404 68 twig 
 142853* 198.5 8080 35 9010 99 twig with 
bark 
 145646 214.75 4565 35 5190 240 charred 
needle 
 143944 242.5 5895 35 6715 80 charred 
needles 
 145300 256.5 6655 30 7532 45 charcoal 
 144795 281.5 8120 60 9068 187 l  
 142654 340.0 8925 35 10042 144 twig 
 138454 383.25 9345 50 10560 130 wood 
Samples indicated by (*) were dropped from age models. 
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Figure 4.S.1   Hudson Lake data. (A) WA-PLS-based TJuly reconstruction; open circles indicate samples 
with poor analogues, closed circles indicate samples with no analogue. (B) Total number of identifiable 
midge remains per sample. (C) Midge assemblages; individual midge taxa are expressed as percent of all 
identifiable head capsules per sample. From top to bottom, taxa are arranged in order of decreasing 
temperature optima (listed in brackets in according to Barley et al. (2006). (D) Age-depth model based on 
210Pb ages of bulk sediments and calibrated 14C ages; empty square indicates calibrated 14C age excluded 
from age-depth modeling. Inset shows detail of the upper 10 cm. Error bars represent 2-sigma ranges. 
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Figure 4.S.2   Screaming Lynx Lake data. Labels as in Fig. 4.S.1. 
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Figure 4.S.3   Rainbow Lake data. Labels as in Fig. 4.S.1, except (A) Dotted, grey line represents 
TJuly after exclusion of Corynocera ambigua from the training set. This species is considered 
problematic for temperature estimates (Brodersen and Lindegaard, 1999; Barley et al., 2006). 
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CHAPTER 5 
CONTROLS OF HOLOCENE FOREST-TUNDRA ECOTONE DYNAMICS IN ALASKA: A 
REVIEW OF THE PALEOECOLOGICAL AND PALEOCLIMATOLOGICAL EVIDENCE 
 
5.1 ABSTRACT 
Responses of the forest—tundra ecotone to the modern warming trend are 
spatially heterogeneous because controls other than temperature limit tree growth and 
seedling establishment near tree line. In contrast to many circumpolar regions that 
experienced advanced positions of forests associated with an early Holocene maximum in 
solar irradiation, closed boreal forests in Alaska only developed ~6000 years ago after a 
prolonged forest-tundra phase. The contrasting history of forest development in Alaska 
compared to circumpolar trends provides a unique opportunity to test long-standing 
hypotheses of ecological and climatic drivers of forest—tundra ecotone dynamics.  
 
5.2 INTRODUCTION 
Treeline advance is one of the iconic symbols of 20th and 21st warming, 
underscoring the utility of the forest—tundra ecotone as a sensitive indicator for 
ecosystem responses to global climate change. Increased shrubbiness and forest 
encroachment in response to 20th and 21st century warming is reported from arctic tundra 
(Suarez et al, 1999; Lloyd and Fastie, 2003), as well as from alpine tundra at altitudinal 
treeline (Luckman and Kavanagh, 2000; Kullman, 2001). In addition to its indicator 
value, tundra—forest ecotone dynamics provide important positive feedback mechanisms 
that can facilitate further treeline advance and amplify changes to the global heat budget 
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(Foley et al., 1994). For example, forest encroachment on tundra leads to a significant 
drop in surface albedo, which elevates summer surface temperature (Chapin III et al., 
2005) and ultimately contributes to observed arctic amplification of climate warming 
(IPCC, 2001). Shifts in the forest—tundra ecotone may also accelerate the respiration of 
arctic peat deposits by altering the local thermal regime (Euskirchen et al., 2006) and by 
increasing fire frequency (Hu et al., 2010). With Arctic soils contributing an estimated 
~30% to the world’s soil carbon pool (Post et al., 1985; McGuire et al., 2009), Arctic 
treeline feedbacks affecting soil respiration have the potential to significantly increase 
greenhouse gas emissions. 
The responses of the forest—tundra ecotone to climate warming are spatially 
heterogeneous because factors other than temperature limit tree growth and seedling 
establishment near treeline. Temperature responses of tree growth are particularly 
sensitive to local moisture availability (Hessel and Baker, 1997). In some areas recent 
rises in growing season temperature without accompanying increases in precipitation 
have reduced growth of coniferous trees due to temperature-induced drought stress, and 
20th century treeline advance has stalled (Barber et al., 2000; Wilmking et al., 2004; 
Juday et al., 2005). This change from temperature limitation to moisture limitation is 
believed to be responsible for the common divergence of tree-ring width and 
thermometer readings at many treeline sites starting in the 1980s (Briffa et al., 1998; 
Briffa et al., 2004; Wilmking et al., 2005).  
Paleorecords may offer insights into responses of Arctic treeline to climatic 
changes on multi-decadal to centennial scales. Such studies provide a test for treeline 
responses to changes in the long-term mean of environmental parameters, similar to what 
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is expected under current and future greenhouse gas forcing. Pollen and plant-macrofossil 
records reveal Arctic treeline advances in many areas during the early and middle 
Holocene, which are attributed to warmer-than-present conditions associated with an 
orbitally-induced maximum in solar irradiation (insolation) (MacDonald et al., 2000). 
However, paleoecological evidence from some regions, including Alaska and eastern 
Canada, are exceptions to this pattern (e.g., Anderson and Brubaker, 1994). In these 
regions, a prolonged phase of low coniferous pollen percentages suggests a forest-tundra 
environment that was followed by forest development during the middle Holocene. In 
eastern Canada, this anomaly is attributed to cooling by the nearby Laurentide Ice Sheet 
remnant (Gejewski et al., 1993) that was large enough to affect regional climate until 
~7000 cal. BP (Renssen et al., 2009). However, no direct effects of nearby continental ice 
sheets on Alaskan ecosystems are likely after the collapse of the Cordilleran Ice Sheet 
~10,000 cal. BP. The contrasting history of forest development in Alaska compared to 
circumpolar treeline trends provides a unique opportunity to test alternative hypotheses of 
ecological and climatic drivers of Holocene forest—tundra ecotone dynamics (Edwards 
et al., 2001). 
Addressing the underlying causes for post-glacial vegetation changes in this 
region has been hampered by a lack of vegetation-independent climatic and 
environmental reconstructions. This thesis project has contributed substantially to our 
understanding of Holocene climatic evolution in Alaska. A carbonate-isotope record of 
climatic change (Chapter 2) and three high-resolution records of midge-based mean July 
temperature (Chapters 3-4), together with additional, recently published vegetation-
independent climate-proxy records, provide the basis to re-examine causal drivers of 
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Holocene forest-ecotone development in Alaska.  
  
5.3 POTENTIAL CAUSES FOR ALASKAN BOREAL FOREST ESTABLISHMENT 
Palynological, macrofossil, and genetic analyses offer evidence supporting the 
survival of both P. glauca and P. mariana populations in small, local refugia in 
unglaciated portions of Alaska and adjacent Yukon Territory (Brubaker et al., 2005; 
Anderson et al., 2006; Zazula et al., 2006; Gérardi et al., 2010). The survival of small 
refugial populations at the outset of the Holocene refutes the possibility that migration 
lags delayed the expansion of either Picea species and indicates that one or more 
environmental parameters limited populations from expanding prior to ~6000 cal. BP.  
Drivers of Alaskan forest development have remained enigmatic, in part because 
of a historic paucity of vegetation-independent climate inferences. However, differences 
in ecological preferences of dominant arboreal taxa have been used to generate and 
constrain testable hypotheses of Holocene forest-tundra ecotone dynamics (Anderson and 
Brubaker, 1994). For example, evidence for deciduous woodland dominated by Populus, 
likely Populus balsamifera (Brubaker et al., 1983), at the Pleistocene—Holocene 
transition points toward strong seasonality and/or widespread soil disturbance at this time 
(Hultén, 1968; Viereck and Dyrness, 1980; Hu et al., 1996). Differences in the timing of 
regional expansion of the two congeners of Picea (P. glauca and P. mariana) have also 
been interpreted with respect to their ecological differences despite their overall similar 
climate envelopes, because the two congeners differ substantially in their local site 
preferences. In Alaska, P. glauca commonly grows on better-drained soils that allow root 
access to mineral soil horizons, with a thin organic horizon that is often capped by a 
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feather-moss and lichen cover. This species typically occurs on south-facing upland 
slopes and along riparian corridors where it out-competes P. mariana. P. glauca is also 
tolerant of cool soils, but it is intolerant of the low-nutrient, moist, organic-rich soils 
associated with shallow active layer thickness often encountered in low-lying areas and 
along north-facing slopes. Although it has improved growth on richer substrates, P. 
mariana is outcompeted by P. glauca on south-facing upland slopes and along riparian 
corridors, but faces little competition in paludified settings where its tolerance of low-
nutrient and waterlogged soils results in nearly monotypic stands. Additionally, P. 
mariana is a strongly fire-adapted taxon, with semi-serotenous cones that persist for 
several years in the crowns of mature trees and provide a local seed source following fire. 
Thus, in fire regimes with shorter fire return intervals P. mariana could potentially out-
compete P. glauca, whose post-fire seed source comes from unburned individuals along 
the edge of the burnt area. 
In the paleoecological literature the sequence of canopy-dominants from Populus 
balsamifera to P. glauca, and finally P. mariana has been attributed to several different 
controls: (1) the development of an organic soil horizon eventually leading to 
paludification (Cwynar, 1982),  (2) changes in fire regime, (3) soil paludification 
associated with reduced evapotranspiration and shallowing of permafrost, which may 
have resulted from climatic cooling following a putative early-Holocene thermal 
maximum (Barnosky et al., 1987; Bartlein et al., 1991), (4) progressively increasing 
effective moisture (precipitation minus evaporation) (Bigelow, 1997; Abbott et al., 2000), 
or (5) a combination of these hypotheses (Edwards and Barker, 1994; Hu et al., 1998). 
These hypotheses are evaluated in light of recently available vegetation-independent 
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environmental and climatic reconstructions. This review focuses mostly on the middle 
Holocene Picea pollen rise. However, we comment on potential environmental controls 
of the Populus and P. glauca-forest tundra phases of interior Alaska where appropriate. 
 
5.4 MATERIALS AND METHODS 
5.4.1 Peat Cores from the Kanuti Headwaters Peatland 
Five cores were collected at the Kanuti headwater peatland in the summer of 
AD2009 along a transect that roughly follows an abandoned air strip across two thirds of 
the diameter of the peatland (See Table S.5.1 for core locations). Coring sites were 
chosen >20m from the gravel landing strip to avoid artifacts introduced during 
construction of the landing strip in the 1970’s. An intact block of peat was cut to the 
permafrost layer and subsampled at 5-cm intervals into whirlpack bags. A modified 
Heffer probe attached to extension rods was used to obtain 2 to 5-cm increments of 
frozen peat at a time from the frozen ground. Coring continued until retrieved samples 
repeatedly brought up silts, sands or fine gravel, or if at least two Heffer probe tips were 
damaged by what likely were coarse gravel beds. Retrieved samples were stored in 
whirlpack bags. Samples were shipped to the University of Illinois and stored in a cold 
room at 4 ºC prior to analysis. Preserved macrofossils were sorted and pretreated for 
radiometric dating at the Lawrence Livermore National Laboratory’s Center for 
Accelerator Mass Spectrometry, Livermore, CA, U.S.A. Care was taken to select 
identifiable plant remains excluding roots (See Table S.5.1). 14C ages were calibrated to 
years before AD1950 in Oxcal 4.1 using the IntCal09 calibration curve (Reimer et al., 
2009). 
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5.4.2 Midge Analyses on Lake Sediment Samples from Malamute Lake 
We obtained two stratigraphically overlapping sediment cores using a modified 
Livingstone corer in the summer of AD2001 from Malamute Lake (unofficial name; 
67.1171°N, 153.1450°W; Fig. S.5.1). In addition, we retrieved a short core containing the 
intact sediment–water interface using a polycarbonate tube fitted with a piston in the 
summer of AD2002. The cores were taken within about 1-m from one another in the 
deepest part of the lake. The long cores were correlated on the basis of lithological 
markers to ensure that no stratigraphic gaps existed. The top 387 cm consist of gyttja that 
becomes unconsolidated and greenish towards the surface. Between 387 and 485 cm the 
sediment abruptly transitions to a laminated, in some parts mottled, clay. Sediments 
below 485 cm are coarse gravel and sand and represent the basal till from the end 
moraine on which Malamute Lake is located.  
After lithological description, the core was sectioned into contiguous 0.25-cm 
intervals and stored in whirlpack bags at 4 oC. The short core was sectioned at contiguous 
0.5 and 1-cm intervals in the field, and correlated with the long core based on peaks in 
charcoal accumulation rate (P. Higuera, unpublished data).  
For chronological control, we used the 210Pb ages for the uppermost 25-cm 
sediments and five AMS (accelerator mass spectrometry) 14C ages from the lower 
sediments (Table S.5.2). The materials for 14C analysis consisted of macroscopic charcoal 
selected from samples with pronounced peaks in charcoal accumulation rate, likely 
resulting from fires in the vicinity of the lake, and two ages on purified Picea pollen. All 
14C ages were calibrated to years before 1950 in Oxcal 4.1. An age-depth model was 
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calculated from the 14C ages and the 210Pb ages with a 2nd-order polynomial 
(age=0.0835(depth)2 +3.0718(depth) – 46.102; r2 = 0.997, n = 28) (Fig. S.5.1).  Greenish-
brown gyttja abruptly transitions to laminated clay below 381.5 cm. This unit is not 
constrained by radiometric ages. We assessed that approximately 450 years passed 
between the base of the core and the transition to gyttja by assuming an annual nature of 
the lamina couplets. However, we do not interpret chronologically-sensitive events in our 
proxy indicators during this poorly constrained interval. 
We conducted midge analysis on selected samples for the past for the past 6000 
cal. years. Wet-sediment samples (2-3 cm3 each) were prepared with a modified protocol 
of Walker et al. (1991). Treatment with HCl was omitted because no carbonate was 
present in the Malamute Lake sediments. All head capsules of chironomids and 
ceratopogonids as well as Chaoborus mandibles in the residue were isolated under 50x 
magnification, dried onto standard microscope slides, and mounted using Entellan®. 
Identification of the remains proceeded under 400x magnification following Walker 
(1988, 2007), Wiederholm (1983), and Oliver and Roussel (1983). Taxonomic resolution 
was harmonized with Barley et al. (2006).  
We estimated TJuly from midge assemblages using a two-component weighted 
averaging partial least squares (WA-PLS) model of Barley et al. (2006) with a reported 
error envelope of 1.46 °C. All samples contained >50 headcapsules (Heiri and Lotter, 
2001). 
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 5.4.3 Chronological Treatment of Climate-Proxy Records 
Some of the climate-proxy datasets included in this review were published prior 
to the common usage of calibration curves to account for differences between 14C-ages 
and calendar ages. These records include lake level data from Birch Lake (Abbott et al., 
2001) and Farewell Lake (Hu et al., 1998), although their chronologies are based on 
radiometric dating on terrestrial macrofossils. Ages from these records were calibrated in 
Oxcal 4.1 and age models recalculated based on the methods used in these publications to 
facilitate comparison with more recent climate records that are reported in calibrated 
years before AD1950. 
 
5.4.4 EOF Analysis on Circumpolar Tree-Line Pollen and Macrofossil Data 
Palynological records were selected from sites within 500-km of modern, 
circumpolar tree line from the Neotoma and the European pollen databases. Additional 
sites not available on the databases were obtained directly from the primary literature. 
Sites in Alaska were restricted to pollen profiles with radiocarbon ages on terrestrial 
macrofossils. Few sites available on publicly accessible databases contain macrofossil-
based age profiles, and most sites included from Canada and some from Eurasia have 
chronologies based on radiometric dating of bulk sediment samples (see Table S.5.3). No 
evaluation of potential hard-water effects for the affected records is possible until new 
chronologies based on AMS-14C ages on terrestrial macrofossils become publicly 
available. Any chronological information gleaned from these data should thus be 
regarded as maximum ages. All radiocarbon dates for individual sites were calibrated to 
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years before AD1950 in Oxcal 4.0, and age models were recalculated by linear 
interpolation. 
In addition to palynological records, two records of tallied remains of 
macrofossils from coniferous taxa were included from northern Russia due to the small 
number of publicly accessible palynological records from this region (see Table S.5.3 for 
site information on all included sites). Coniferous percent of total arboreal pollen were 
calculated for each palynological sample. Samples were binned in 250-year bins. Bins 
with no data were interpolated based on the surrounding samples.  
An empirical orthogonal function (EOF) analysis was run on the binned 
coniferous pollen records from all sites to assess the dominant spatial patterns in changes 
of coniferous pollen near tree line. Axis 1 sample scores from a principal component 
analysis (PCA) were calculated for each site using the statistical software program C2 
(Juggins, 2010). PCA1 sample scores were correlated with the binned raw data. The 
correlation coefficient for each site was imported in ArcGIS version 10. Values were 
interpolated using an inverse distance weighted interpolation (spatial analyst toolbox: 
power=2; search radius = 10000 km). 
 
5.5 ECOLOGICAL FEEDBACKS 
5.5.1 The Role of Soil Development  
Boreal sites in eastern Canada indicate that soil development and paludification 
under P. glauca stands facilitated the invasion of and partial replacement by P. mariana 
(Lamb, 1980; Engstrom and Hansen, 1985; Liu, 1990).  Likewise, successional sequences 
in interior Alaska demonstrate the pervasive role of soil feedbacks in facilitating 
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paludification and P. mariana establishment following disturbance (Chapin, 1986). 
However, evidence is weak for similar ecological feedbacks facilitating Picea forest 
expansion into interior Alaska during the middle Holocene. Records of soil development 
indicate a broad range of ages for the onset of paludification. Additionally, onset of 
paludification at a particular site is often not closely related to local population 
expansions of either P. glauca or P. mariana. For example, a geochemical record of soil 
development from south-central Alaska suggests that extensive paludification lagged the 
local expansion of P. mariana rather than facilitating its expansion (Hu et al., 1996), 
while a geochemical record from an upland site in central Alaska shows no evidence for 
watershed paludification throughout the Holocene (Hu et al., 1993). 
Thermokarst lake and peatland initiation data point to climatically-induced 
edaphic changes that may have affected early Holocene vegetation trajectories. Basal 14C 
dates from thermokarst lakes indicate a transient maximum in wetland formation due to 
permafrost degradation between 14,000 and 9,000 cal. BP (Fig. 5.2A) (Walter et al., 
2007). This pulse in thermokarst features was associated with widespread peatland 
expansion in the Alaskan lowlands (Fig. 5.2B) (Jones and Yu, 2010) and likely resulted 
in response to a brief temperature maximum at ~10,000-9000 cal. BP that is especially 
prominent in records of summer temperature in interior Alaskan sites (Section 5.6.1; Fig. 
5.3C-D; Hu et al., 1998; Kurek et al, 2009b). The roughly contemporaneous maximum in 
peatland initiation is best explained as a consequence of widespread wetland formation 
and development of thermocarst features. A direct response of peatland development to 
increased precipitation is unlikely, as lake level evidence at Birch Lake (Fig. 5.1) 
indicates that the thermal peak at 10,000 cal. BP was associated with a severe reduction 
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in the moisture balance (Fig. 5.3I) (Abbott et al., 2001). 
New radiocarbon-dated peat cores from a blanket bog in the Kanuti River 
watershed of northern interior Alaska confirm the peatland initiation dates reported by 
Jones and Yu (2010) (Fig. 5.2C) and indicate that peat deposition initiated during the 
early Holocene. Radiocarbon ages from near-surface peat indicate that peat deposition 
ceased between 8000 and 3000 cal. BP. The large variation in the age of near-surface 
peat could be caused either by microsite differences in slope and drainage, or by the 
differential decomposition after active peat deposition ended. This uncertainty makes the 
age of peat growth cessation difficult to ascertain with any degree of precision. However, 
the results suggest that conditions for active peat accumulation at the Kanuti peatland 
deteriorated over the course of the Holocene, even though lake-level data indicate that 
conditions became increasingly moist, and hence favorable to paludification during the 
middle Holocene (see Section 5.6.2 and Fig. 5.3I) (Bigelow, 1997; Abbott et al., 2001).  
Environmental conditions associated with extensive thermokarst on the modern 
landscape in response to elevated 21st-century summer temperature negatively affect P. 
mariana populations and is associated with conversion of forest to wetlands (Jorgenson et 
al., 2001). Similar limitations could have played a role during the peak in thermakarst 
development at the Pleistocene—Holocene transition. While adapted to the moist, cold 
soils that often overlie permafrost, P. mariana stands typically cannot survive in the 
inundated peaty soils following permafrost degradation. So-called “drunken” forests with 
dead or dying P. mariana trees that are falling or sinking on the unstable, thawing ground 
are increasingly common features in Alaska. Development of thermokarst features in 
low-lying areas that likely had ice-rich permafrost could have contributed to conditions 
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limiting P. mariana establishment throughout interior Alaska during the early Holocene. 
P. glauca is less impacted by such landscape processes as it preferentially grows on well-
drained, permafrost-free south-facing slopes. These processes could provide an 
explanation for the earlier expansion of P. glauca into interior Alaska, compaired to P. 
mariana. Thus far, records of soil and peat development from interior Alaska indicate 
large variation in the timing of paludification, and clearly more records are needed to 
address this issue. However, the available evidence suggests that the rapid expansion of 
P. mariana into interior Alaska was not associated with a high rate of peatland 
establishment or widespread regional paludification of the landscape. 
 
5.5.2 The Role of Changes in Fire Regime 
Although a change in fire regime toward higher fire frequency could favor the 
highly fire-adapted P. mariana (Payette, 1992), changes towards higher fire frequency at 
the middle-Holocene transition from forest-tundra to closed boreal forests cannot account 
for this vegetation transition. High-resolution pollen and charcoal records consistently 
show that high fire frequency followed the local detection of P. mariana pollen in a 
watershed, rather than initiating its regional expansion (Lynch et al., 2003; Higuera et al., 
2009), although such feedbacks may have enhanced the segregation of P. mariana and P. 
glauca-dominated patches on the landscape (Hu et al., 1996).  
However, model simulations (Rupp et al., 2001) and direct observations 
(Johnstone et al., 2010) indicate that an increase in fire frequency as a result of 21st 
century warming can trigger a rapid, region-wide biome transition toward deciduous 
forests in interior Alaska. Existing pollen and charcoal records suggest that this role of 
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fire as an agent in driving biome transitions, as opposed to local community structure 
(Tinner et al., 2006), is likely unprecedented in the context of the Holocene vegetation 
history in Alaska.  
 
5.6 CLIMATIC CONTROLS 
The lack of evidence for ecological feedbacks driving Holocene forest-tundra 
ecotone dynamics suggests that climatic changes played an important role (Hu et al., 
1998). Until recently testing vegetation responses to Holocene climatic changes was 
hampered due to a paucity of vegetation-independent proxies for climatic variables. As a 
result interpretations of Holocene climate evolution typically drew on known climatic 
boundary conditions, including orbital changes in insolation, retreating continental ice 
sheets, and global sea level rises. In this section I re-evaluate boreal forest development 
in light of newly available vegetation-independent climate datasets, including both 
summer temperature and effective moisture changes, that have become available over the 
past 15 years. A large fraction of these records are contributed by this thesis.  
 
5.6.1 The Role of Growing Season Temperature 
Midge-based reconstructions of July temperature from Alaska and the adjacent 
Yukon Territory do not support an extensive, early-Holocene climatic optimum (Kurek et 
al., 2009a; Chapter 4). Millennial-scale changes in a July-temperature composite based 
on Alaskan midge records shows an overall cool early-to-middle Holocene, followed by a 
middle Holocene temperature optimum at ~5000-4000 cal. BP and a cooling trend 
thereafter (Fig. 5.3B; Chapter 4). Stepwise temperature increases at ~10,000 and ~5500 
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cal. BP correspond to the initial appearance of Picea forest tundra, and the middle 
Holocene establishment of closed boreal forests in interior Alaska, respectively. A brief 
temperature peak centered at 9000 cal. BP indicated by some, but not all, of the available 
temperature records (e.g., Hu et al., 1998) corresponds to a small, local maximum in 
Picea pollen percentages at some sites (Ager, 1975; Anderson et al., 1990; Anderson and 
Brubaker, 1994, Higuera et al., 2009). 
Low July temperatures and Picea pollen percentages prior to ~5500 cal. BP could 
suggest that Picea populations were temperature-limited in interior Alaska in all but the 
most favorable microsites. However, mean July temperature never fell below the 
minimum value of ~10°C for this taxon (Elliott, 1979) throughout the Holocene.  
Absolute July temperature estimates from sites in eastern (Screaming Lynx Lake: 14.9 
+/- 0.6°C; Clegg et al., in prep.), interior (Malamute Lake: 11.9 +/- 0.4°C; this study) and 
western Alaska (Zagoskin Lake: 11.6 +/- 0.5°C; Kurek et al., 2009b) partially overlap 
with the range of the North American temperature optimum for Picea (12-15°C) 
(Anderson et al., 1991).  Accordingly, temperature does not appear to be a plausible 
limiting factor during the past 10000 years. 
The coincidence of the rise in Picea pollen abundance with delayed maximum 
summer temperatures in interior Alaska is better explained as an albedo-driven 
temperature increase caused by transition to a closed P. mariana forest. An increase in 
temperature corresponds to the regional expansion of P. mariana in interior Alaska 
between 5000 and 6000 cal. BP, which is ecologically unexpected if summer temperature 
was limiting because this taxon occupies cooler, more permafrost-underlain soils than P. 
glauca. However, the conversion from relatively open P. glauca woodland to P. mariana 
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forests causes a significant reduction in albedo resulting in greater air temperatures. 
Albedo effects may have also contributed to the temperature increase at ~10,000 cal. BP, 
when Populus parkland-Betula shrub tundra transitioned to P. glauca forest-tundra. 
Simulations demonstrate that increased absorption of shortwave radiation associated with 
the transition from tundra to coniferous stands causes a >1°C increase in summer (Foley 
et al., 1994). The albedo effect is enhanced in spring when conifers extending from the 
snow cover begin absorbing more energy than snow-covered tundra vegetation, resulting 
in earlier snowmelt, and longer growing seasons.  Direct radiative feedbacks from similar 
changes along the forest-tundra ecotone contribute significantly to recent increases in 
surface air temperature (Chapin et al., 2005).  
 
5.6.2 The Role of Effective Moisture 
Evidence for moisture limitation impeding the development of closed boreal 
forests in interior Alaska is more compelling. Lake-level reconstructions from lakes in 
Alaska indicate a moisture increase that coincides with the transition from Populus 
woodland to P. glauca forest-tundra at ~9500 cal. BP (Fig. 5.3I) (Bigelow, 1997; Abbott 
et al., 2000). Lake-level and trace-element evidence points to an additional rise in 
moisture by ~6500 cal. BP at Birch and Farewell lakes, southern interior Alaska (Fig. 
5.3H-I) (Bigelow, 1997; Hu et al., 1998; Abbott et al., 2000), roughly contemporaneous 
with the onset of the middle Holocene increase in Picea pollen abundance in that region, 
but preceding similar vegetation changes in northern interior Alaska at ~5500-5000 cal. 
BP (Fig. 5.1B-C). Thus, transition to both P. glauca forest-tundra and P. mariana were 
either coincident with or followed shortly after an increase in regional lake levels.  
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Two records of effective moisture, a carbonate isotope record from Takahula 
Lake in the northern interior and a dune activity record from Wolverine Lake in western 
Alaska, challenge this interpretation (Fig. 5.3F-G; Clegg and Hu, 2010; Mann et al., 
2002). These records are less than 8000 years old, perhaps because lake levels dropped 
below the coring sites due to extremely dry early-Holocene conditions (Abbott et al., 
2000). However, both records indicate large fluctuations in regional moisture throughout 
the middle and late Holocene, not captured by the lake-level and trace-element records 
discussed earlier. The reason for these differences is not clear but could reflect either 
higher sensitivity of these particular records to moisture changes or differences in the 
aspects of the moisture regime captured by the different proxies. Of interest is a 
pronounced drop in effective moisture as inferred from high sand accumulation at 
Wolverine Lake and maximum 18O values at Takahula Lake that begins at ~5000 cal. 
BP. In both records, inferred effective moisture drops to some of the lowest levels of the 
last 8000 years by ~4500 cal. BP. P. mariana arrival at ~5500 cal. BP precedes this 
climatic event slightly, and Picea pollen increases uniformly until roughly modern values 
are reached after ~4000 cal. BP (Fig. 5.1B) (Higuera et al., 2009), apparently unaffected 
by the concurrent moisture deficit inferred at Takahula and Wolverine Lakes. The 
expansion of P. mariana concurrent with a drop in effective moisture is unexpected, and 
refutes a hypothesized increase in effective moisture as the cause of regional P. mariana 
expansion. However, Kaltenrieder et al. (2011) found a similar result along the western 
forest-tundra ecotone in Alaska. 
The similarity in timing between Picea forest development and lake level rises, 
despite concurrent drought conditions inferred by dune- and carbonate-isotope moisture 
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records, is consistent with two alternative explanations. The lake level rises at ~6500 cal. 
BP may reflect much larger changes in the annual moisture budget than the subsequent 
fluctuations inferred from the dune activation and 18O-based moisture records. 
Fluctuations in regional moisture captured by the latter records may not have been 
sufficient to limit tree growth. Alternatively, inconsistencies among the moisture proxies 
could reflect different aspects of the annual moisture regime. Lake levels reflect the 
annual balance between recharge and evaporative water losses. Stream- and groundwater-
fed lakes in many high-latitude regions receive a large proportion of their water from a 
pulse of spring snowmelt. Lakes in Alaska follow this pattern despite a precipitation 
maximum in late summer (e.g., Clegg and Hu, 2010). In contrast, the similarity between 
the Takahula Lake 18O record and summer temperature between ~7000-3000 cal. BP 
(Fig. 5.3B-D, F) suggests that 18O enrichment at Takahula Lake primarily reflects 
enhanced evaporation during warmer summers, presumably due to a temperature-induced 
decline in relative humidity. The apparent insensitivity of Picea pollen percent values to 
summer drought stress may reflect sensitivity of the Alaskan forest line to spring 
moisture variation rather than summer drought stress. Spring moisture limitation plays an 
important role in determining P. glauca growth rates in interior Alaska (McGuire et al., 
2010), and could have played a dominant role in controlling the location of the Alaskan 
forest line throughout the Holocene. 
 
5.6.3 The Role of Atmospheric Circulation  
Early investigations noted spatial patterns of inter-regional treeline fluctuations 
that resemble large-scale atmospheric flow patterns, suggesting a role of atmospheric 
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circulation on the position of the forest-tundra ecotone. For example, pollen and 
macrofossil records in northwestern Canada indicate that during the early and middle 
Holocene, closed boreal forests occupied sites up to 70 km north of modern treeline until 
at least ~7000 cal. BP. In contrast, no evidence exists that early-Holocene treeline was 
farther north than today in Alaska, and Holocene forest development in Alaska roughly 
coincided with treeline retreat in northwestern Canada (Fig. 5.1E; 5.4) (see Section 
5.10.1.4 for information on age estimates for Canadian sites) (Ritchie and Hare, 1971, 
Ritchie and Spear, 1982, Ritchie et al., 1983, Spear, 1983; Ritchie, 1984). This inverse 
temporal pattern in Picea pollen percent between the two adjacent regions may reflect 
changes of atmospheric flow associated with a semi-permanent ridge in atmospheric 
pressure over northwestern Canada (Ritchie and Hare, 1971; Brubaker et al., 1983). 
Variation in these atmospheric features is part of a teleconnection pattern known as the 
Pacific-North American pattern (PNA), which strongly affects weather across North 
America today. 
Abrupt treeline shifts occurred in the middle Holocene throughout the high 
latitudes of North America. To assess spatial patterns in treeline fluctuations I conducted 
an empirical orthogonal function (EOF) analysis on coniferous pollen percentages from 
sites located within a belt of +/-500 km of modern treeline (see Section 5.10.1.4). A 
prominent change in the fraction of coniferous pollen occurred from the early to late 
Holocene.  This pattern explains 58% of the total variance in circumpolar vegetation 
records. Positive values in northwestern Canada indicate advanced early-Holocene 
treelines followed by a middle-Holocene retreat. The opposite pattern is observed in 
Alaska and eastern Canada, with a prolonged forest-tundra phase followed by treeline 
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and forest-line advance (Fig. 5.6A). These spatial patterns of treeline fluctuations are 
similar to simulations of July temperature for the early and middle Holocene up to ~7000 
cal. BP, driven by a combined forcing of orbital parameters, greenhouse gas 
concentrations, and the Laurentide Ice Sheet remnant (Renssen et al., 2009).  These 
simulations show strong warming in northwestern Canada and cooling in Labrador, 
consistent with the assumption that summer temperature limited treeline during the 
Holocene and that southerly treelines in eastern Canada during the early to middle 
Holocene resulted from cooling by the Laurentide Ice Sheet (Kaufman et al., 2004). 
However, the Renssen et al. results differ in two important ways from the pollen EOF 
pattern. First, they show that the Laurentide Ice Sheet did not affect the regional climate 
of eastern Canada after about 7000 cal. BP. However, pollen records from Labrador 
indicate that forests did not reach their modern extent until ~1500 years after the 
disappearance of the continental ice sheet in Labrador and northern Quebec despite 
nearby source populations (Fig. 5.4A, 5.5) (Gejewski et al., 1993), suggesting additional 
limiting controls to forest expansion in this region. Second, Renssen et al. (2009) predict 
correlated patterns between Alaska and northwestern Canada, in contrast to the pollen 
EOF, which show similar patterns in Alaska and eastern Canada. 
The spatial patterns of the leading pollen EOF more strongly resemble 
temperature anomalies associated with the leading EOF of Northern Hemisphere sea-
level pressure, termed the Arctic Oscillation (AO) (Thompson and Wallace, 1998), 
hinting at a possible influence of the AO on controls of circumpolar treeline (Fig. 5.6B). 
Changes in sea-ice distribution in the Arctic Ocean (Fig. 5.3E) suggest that the mean 
atmospheric conditions in the Arctic resembled the positive phase of the AO (AO+) prior 
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to ~6000 cal. BP (Dyke et al., 1996; Dyke and Savelle, 2001; Rigor et al., 2002; Rimbu et 
al., 2003; Andersen et al., 2004; de Vernal et al., 2005, Dyck et al., 2010). The end of the 
AO+ phase corresponded in time to changes in treeline throughout many regions of 
Alaska and Canada. Climatic anomalies associated with the AO are most strongly 
expressed during cool seasons in Alaska.  Thus, attributing treeline shifts to changes in 
AO requires an understanding of how winter conditions affect treelines directly or 
indirectly. It is possible that the AO indirectly affects summer climate via changes in the 
spatial distribution of sea ice in the Arctic Ocean. Increased sea-ice concentration 
persisting into the summer off the northern shore of Alaska during the early to middle 
Holocene (de Vernal et al., 2005) could have decreased summer temperatures via onshore 
advection of cool air in coastal areas. While such an effect is likely along the North Slope 
of Alaska, the Brooks Range effectively separates polar air masses in the north from 
interior Alaska (J. Walsh, pers. comm.), shielding interior Alaska from such effects.  
AO anomalies directly affect Alaskan climatic variables that could impact tree 
growth. For example, modern AO+ anomalies that may provide an analogue for 
atmospheric conditions during the early to middle Holocene result in cold and dry winters 
in interior Alaska. Cooler-than-average winter and spring can reduce growing-season 
length. Reduced snow pack further favors high permafrost tables (Williams and Smith, 
1989), exposes seedlings and young trees to winter desiccation and tissue damage by ice 
abrasion (Stevens and Fox, 1991), and restricts spring soil moisture recharge, causing 
drought stress during the period of active growth (McGuire et al., 2010). Additionally, 
cooler springs resulting from AO+ conditions could limit the frequency of stretches of 2-
3 days of >15°C air temperatures prior to July 1st, required for successful germination of 
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spruce seeds (Black and Bliss, 1980).  All of these factors are important controls on 
seedling establishment and tree growth near treeline (Steven and Fox, 1991). 
Increasing evidence points toward global changes in atmospheric circulation 
between 6000 and 5000 cal. BP (Magny and Haas, 2004), which coincide with treeline 
shifts throughout much of the northern hemisphere (Khotinskiy, 1984; Rochefort et al., 
1994; TEMPO, 1996; Prentice et al., 1996; Texier et al., 1997; Tarasov et al., 1998; 
Prentice et al., 2000; MacDonald et al., 2000; Payette et al., 2002; Väliranta et al., 2003). 
Although the causes for these widespread climatic changes are not fully understood, 
modeling experiments have shown that such relatively abrupt responses can result from 
gradual orbital forcing as thresholds in feedback mechanisms on atmospheric flow are 
traversed (DeMenocal et al., 2000; Hodell et al., 2001; Kirby et al., 2002). Thus, orbital 
forcing of Holocene treeline development was likely filtered by atmospheric feedbacks 
with spatially variable effects on local climatic parameters. 
 
5.7 SUMMARY AND CONCLUSION 
Based on a survey of proxy records for Holocene vegetation and climatic changes 
we conclude that the middle Holocene establishment of modern boreal communities was 
the result of external climatic drivers, as opposed to ecological feedbacks in Alaska. For 
example, mismatched lead-lag relationships highlighted by high-resolution lake-sediment 
records indicate that changes in fire regime and autogenic development of thick, organic-
rich soils are unlikely to have been drivers of middle Holocene community turn-over, 
although both factors are important on successional timescales in modifying community 
composition and structure on the scale of individual stands to watersheds. 
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Direct orbital forcing of summer temperatures in Alaska, and by extension 
vegetation composition, is also rejected. Instead, the similar trends in both summer 
temperature and Picea pollen percent in interior Alaskan sites suggest possible albedo 
forcing of summer temperature by vegetation. A resulting positive feedback that 
facilitated further forest advance due to positive feedbacks along the forest-tundra 
ecotone cannot be conclusively ruled out on the basis of the available data, although July 
temperature was high enough throughout the Holocene to make temperature limitation of 
forest establishment during the summer unlikely.  
The similarity of the spatial patterns of atmospheric modes that influence Alaskan 
climate today with the spatial patterns of change in Alaskan and circumpolar coniferous 
pollen percentages over the Holocene suggests a possible influence of the AO on controls 
of Alaskan, and potentially Arctic tree line. However, dominant atmospheric patterns at 
high latitudes are most pronounced during the cool seasons, not commonly considered by 
the paleoecological community for explaining vegetation patterns. AO anomalies affect 
winter and spring climates in eastern and interior Alaska that may have direct ecological 
impacts. For example, mean atmospheric conditions resembling the positive phase AO 
prior to about 6000 cal. BP likely resulted in cold, dry winter and spring conditions that 
would have restricted spring soil moisture access through prolonged periods of frozen 
ground in spring and a reduced pulse in snow melt. Similar conditions in modern, 
continental subarctic settings in Siberia limit coniferous taxa by causing frost-induced 
drought stress (Walter, 1974; Arno and Hammerly, 1993). 
While additional studies are needed to test the proposed proximate mechanisms, 
my review of the paleoecological and paleoclimatic literature highlights heterogeneous 
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climatic and vegetation responses to spatially uniform radiative forcing. The importance 
of elucidating these feedbacks is underscored by climate model experiments that project a 
transition to atmospheric circulation patterns similar to those experienced during the early 
Holocene under enhanced greenhouse gas concentrations. Additionally, decreasing spring 
soil moisture recharge and increasing areal extent of thermokarst on the modern 
landscape in response to ongoing climatic changes appear to have parallels during the 
early Holocene that resulted in a nearly tree-less landscape over much of Alaska.  
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5.9 FIGURES 
 
 
Figure 5.1   Map of sites and locations mentioned in text. (a-d) Selected vegetation reconstructions; Picea 
percent profiles corresponding to each site are plotted to the right; (a) Little Isac, (b) Ruppert Lake 
(Higuera et al., 2009), (c) Dune Lake (Lynch et al., 2003), (d) Grizzly Lake (Tinner et al., 2006), 
(e)Tuktoyuktuk (Ritchie and Hare, 1971). (1-8) Locations of sites with climate proxy indicators mentioned 
in the text; (1) Farewell Lake, (2) Rainbow Lake, (3) Hudson Lake, (4) Moose Lake, (5) Screaming Lynx 
Lake, (6) Hanging Lake, (7) Birch Lake, (8) Malamute Lake, (9) Takahula Lake (10) Wolverine Lake, 
(11)Kanuti peatland. Fine, black dotted line indicates the modern range extent of Picea. 
 
 
 
 
Figure 5.2   (A) Frequency of basal ages from Alaskan thermokarst lakes (modified from Walter et al., 
2007). (B) Number of basal dates from Alaskan peat cores per 250-year bins (modified from Jones and Yu, 
2010). (C) Radiocarbon ages from the Kanuti peatland (this study). Black squares: basal ages of peat cores; 
empty squares: youngest ages of peat cores. Error bars: 2-sigma ranges (Section 5.10.1.1; Table S.5.1). 
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Figure 5.3   (A) Partial pollen diagram from Dune Lake. Percent P. mariana pollen in black, Cumulative 
percent P. mariana and P. glauca pollen in grey. Interpretation of vegetation type follows Lynch et al. 
(2003). (B) Composite of midge-based July temperature reconstructions from Alaska (Chapter 4). (C) 
Molar ratio of Mg to Ca of carbonates from Farewell Lake (Hu et al., 1998). (D) Malamute Lake midge-
inferred mean July temperature (this study; see Fig. S.5.1, Table S.5.2, Section 5.10.1.2 for details). 
(E)Frequency of bowhead whale fossils in the Canadian Arctic Archipelago as a proxy for summer sea ice 
extent in the western Arctic Ocean (Dyke et al., 1996; Dyke and Savelle, 2001). (F) Carbonate oxygen-
isotope from Takahula Lake (Clegg and Hu, 2010). (G) Sand accumulation rate in Wolverine Lake as a 
proxy for activity of the Great Kobuk dune field (Mann et al., 2002). (H) Molar ratio of Sr to Ca of 
carbonates from farewell Lake (Hu et al., 1998). (I) Lake level reconstruction based on seismic profiles 
from Birch Lake (Abbott et al., 2000). 
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Figure 5.4   (A) 500-year binned ages of onset in millennial-scale change in Picea pollen percent in North 
American pollen sites within 500 km of modern tree line. Ages from Alaskan and eastern Canadian sites 
denote onset of rapid increase in Picea % values; ages from northwestern Canada denote onset of declining 
Picea % values. See Fig. 5.5 and Table S.5.3 for location of sites. (B) Composite of normalized Picea % 
values of Alaskan (black) and northwest Canadian (grey) sites. 
 
 
 
 
 
 
Figure 5.5   Map of North American pollen sites within 500 km of modern tree line in relation to glacier 
extent. Black circles indicate sites at which coniferous pollen percent increased from the early to the late 
Holocene; empty circles indicate sites where coniferous pollen percent decreases from the early to the late 
Holocene; grey circles indicate sites with no clear multi-millennial trend in coniferous pollen. Numbers 
indicate the age of onset of change in coniferous pollen in thousands of years before present. Blue shaded 
regions indicate spatial extent of continental ice sheets with numbers indicating age of each shaded region 
in thousands of years before present. See Table S.5.3 for additional site information. 
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Figure 5.6   (A) Leading EOF of percent coniferous pollen in circumpolar pollen records from sites within 
500 km of modern tree line. Red indicates regions with high early Holocene coniferous pollen percentages 
followed by a decline during the middle Holocene. Blue colors indicate the inverse pattern. Included sites 
are listed in Table S.5.3. (B) Temperature anomaly associated with the Arctic Oscillation (leading EOF of 
circumpolar sea level pressure). 
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5.10 SUPPLEMENTAL MATERIAL 
5.10.1 Supplemental Tables 
Table S.5.1   Coring locations and AMS-14C ages on peat cores from the Kanuti peatland. 
Site Lab ID 
CAMS 
# 
Depth 
[cm] 
14C age 
[years 
BP] 
± 
Error 
[yrs] 
Calibrated 
age [BP] 
2 sigma 
error 
[yrs] 
Material 
Core 2A 147360 272.8-275 9185 45 10368 125 large wood chunk 
66.45515°Na        
150.56759°Wb        
0.29m PFTc        
2.83m BOPd        
Core 3A 147361 38-40 2980 30 3194 127 wood with bark 
66.45331°N 147362 82-88.75 3520 60 3807 165 twig with bark 
150.58522°W 147363 126-129 4085 35 4628 185 twig w/bark&bud 
0.32m PFT 144797 175-178 3860 60 4259 168 wood 
1.84m BOP 147364 184-186.5 6735 45 7594 80 charcoal 
Core 4 147365 34-39 6775 35 7627 47 wood 
66.45104°N 147366 64-66 7530 80 8319 141 twig and bark 
150.59370°W 147367 135-138 8110 35 9061.5 73 wood with bark 
0.27m PFT 147368 199-204.5 8440 45 9468.5 67 twig 
2.42m BOP 144798 234-238 8580 170 9661.5 511 wood 
Core 5 147369 12-15 105 35 141 130 Ericaceae leaves 
66.44964°N 145893 28-31 4800 80 5515 194 Carex seeds, twig 
150.60892°W 145894 67-70 5275 30 6062 120 twig with bark 
0.28m PFT 145895 101-105.5 6175 35 7066 105 bark with buds 
2.06m BOP 145896 153-158 8630 110 9781 345 non-woody stems 
 145897 189-192 9930 35 11419 181 branch axle/twig 
 144799 200-204 10080 70 11654 322 wood 
a) Latitude. 
b) Longitude. 
c) Permafrost table at time of coring. 
d) Base of peat. For additional information, see Section 5.10.1.1. 
 
 
 
Table S.5.2 AMS-14C ages for Malamute Lake. 
Lab ID 
CAMS # 
Depth [cm] 14C age 
[years 
BP] 
± 
Error 
Calibrated 
age [BP] 
2 sigma 
error of cal. 
age [years] 
Material 
105113 105-106 1710 40 1620 90 Picea pollen extract 
121655 151.58-155.08 2220 110 2210 263 charcoal 
105114 175-176 2925 35 3065 115 Picea pollen extract 
114725 246-247.23 4645 45 5438 140 charcoal 
121656 319.5-322.5 8590 180 9664 518 charcoal 
    146 
 
Table S.5.3 (in part). Palynological and macrofossil sites included in the EOF analysis. 
Site name r Latitude Longitude Reference 
Akuvaaraa,d -0.58899 69° 7' 30" N 27° 41' 0" E Hyvärinen, H., 1975. Absolute and 
relative pollen diagrams from 
northernmost Fennoscandia. Fennia 
142, 1-23. 
Aliuk Ponda,d -0.88511 54° 50' 0"N 57° 22' 0" W Jordan, R.H., 1975. Pollen diagrams 
from Hamilton Inlet, central 
Labrador, and their environmental 
implications for the northern 
maritime Archaic. Arctic 
Anthropology 12, 92-116. 
Andy Lakea,d -0.13499 64° 39' 0"N 128° 5' 0"W Szeicz, J.M., MacDonald, G.M., and 
Duk-Rodkin, A., 1995. Late 
Quaternary vegetation history of  the 
central Mackenzie Mountains, 
Northwest Territories, Canada. 
Palaeogeography, Palaeoclimatology, 
Palaeoecology 113, 351-371. 
Baie du Dianaa,d -0.26232 60° 46' 58"N 69° 49' 58"W Richard, P.J.H., 1977. Histoire post-
wisconsinienne de la végétation du 
Québec méridional par l’analyse 
pollinique. Service de la recherche, 
Direction générale des forêts, 
Ministère des Terres et Forêts du 
Québec. Publications et rapports 
divers.Tome 1, xxiv + 312 p. : tome 
2, 142 p. 
Bell’s Lakea,d 0.56326 65° 1' 0"  N 127°29' 0"W Szeicz, J.M., MacDonald, G.M., and 
Duk-Rodkin, A., 1995. Late 
Quaternary vegetation history of  the 
central Mackenzie Mountains, 
Northwest Territories, Canada. 
Palaeogeography, Palaeoclimatology, 
Palaeoecology 113, 351-371. 
Bruvatneta,d 0.67980 70° 11' 0"N 28° 25' 0"E Hyvärinen, H., (unpublished data) 
Cape Shpindler 0.24719   Andreev, A.A., Manley, W.F., 
Ingólfsson, Ó., Forman, S.L., 2001. 
Environmental changes on Yugorski 
Peninsula, Kara Sea, Russia, during 
the last 12,800 14C years. Global and 
Planetary Change 31, 255-264. 
Dallican Watera,d 0.77124 60° 23' 0"N 1° 6' 0"W Bennett, K., Boreham, S., Sharp, 
M.J., and Switsur, V.R.,1992. 
Holocene history of environment, 
vegetation and human settlement on 
Catta Ness, Lunnasting, Shetland. 
Journal of Ecology 80, 241-273. 
Dalmutladdob 0.62673 69° 10' 0"N 20° 43' 0"E Bjune, A.E., Birks, H.J.B., Seppä, H., 
2004. Holocene vegetation and 
climate history on a continental-
oceanic transect in northern Fenno-
scandia based on pollen and plant 
macrofossils. Boreas. 33, 211-223. 
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Table S.5.3 (continued) 
Domsvatneta,d   
 
0.14527 70° 19' 0"N 31° 2' 0E" Hyvärinen, H., 1976. Flandrian pollen 
deposition rates and tree-line history in 
northern Fennoscandia. Boreas 5, 163-
175. 
Dune Lake   -0.71371 64° 25' 0"N 149° 54' 0"W Hyvärinen, H., 1976. Flandrian pollen 
deposition rates and tree-line history in 
northern Fennoscandia. Boreas 5, 163-
175. 
Farewell Lake -0.57217 62° 33' 0"N 153° 38' 0"W Hu, F.S., Brubaker, L.B., Anderson, 
P.M., 1996. Boreal ecosystem 
development in the northwestern 
Alaska Range since 11,000 years BP. 
Quaternary Research 46, 188-201. 
Grizzly Lake 0.69535  
62° 43' 0" 
 
144° 12' 0" 
Tinner, W., Hu, F.S., Beer, R., 
Kaltenrieder, P., Scheurer, B., 
Krähenbrühl, U., 2006. Postglacial 
vegetational and fire history: pollen, 
plant macrofossil and charcoal records 
from two Alaskan lakes. Vegetation 
History and Archaeobotany 15, 279-
293. 
Hanging Lakea,d -0.40761 68° 23' 0"N 138° 23' 0"W Cwynar, L.C., 1982. A Late-
Quaternary vegetation history from 
Hanging Lake, northern Yukon. 
Ecological Monographs 52, 1-24. 
Hebron Lakea,d -0.97208 58° 12' 0"N 63° 2' 0"W Lamb, H.F., 1984. Modern pollen 
spectra from Labrador and their use 
in reconstructing Holocene 
vegetational history. Jounal of 
Ecology 72, 37-59. 
Honeymoon Ponda,d 0.72574 64°38'0"N  
 
138° 24' 0"W Cwynar, L.C., Spear, R.W., 1991. 
Reversion of forest tundra in the 
central Yukon. Ecology 72, 202-212. 
Hope Simpsona,d -0.42696 52° 27' 0"N 56° 26' 0"W Engstrom, D.R., Hansen, B.C.S., 
1985. Postglacial vegetational change 
and soil development in southeastern 
Labrador as inferred from pollen and 
chemical stratigraphy. Canadian 
Journal of Botany 63, 543-561. 
Hudson Lake -0.67078 61° 53' 52"N 145° 40' 9"W F.S. Hu (unpublished data) 
Idavain Lake -0.6902 58° 46' 0"N 155° 57'0"W Brubaker, L.B., Anderson, P.M., Hu, 
F.S., 2001. Vegetation ecotone 
dynamics in Southwest Alaska during 
the Late Quaternary. Quaternary 
Science Reviews 20, 175-188. 
Iglutalik Lakea,d -0.76169 66° 8' 6"N 66° 5' 0"W Davis, P. Thompson (unpublished 
data) 
Keele Lakea,d -0.76169 64°10' 0"N  127° 37' 0"W Szeicz, J.M., MacDonald, G.M., and 
Duk-Rodkin, A., 1995. Late 
Quaternary vegetation history of  the 
central Mackenzie Mountains, 
Northwest Territories, Canada. 
Palaeogeography, Palaeoclimatology, 
Palaeoecology 113, 351-371. 
    148 
Table S.5.3 (continued) 
 
Krugloyeb,d 0.60088 66° 22' 0"N 
  
 
37° 35' 0"E Kremenetski, C.V., Patyk-Kara,N.G., 
1997. Holocene vegetation dynamics 
of the southeast Kola Peninsula, 
Russia. The Holocene 7, 473-479. 
Lac Mélèzea,d 0.31120 65° 13' 0"N 126° 7' 0"W MacDonald, G.M., 1987. Postglacial 
vegetation history of the Mackenzie 
River Basin. Quaternary Research 28, 
245-262. 
Lateral Ponda,d -0.49260 65° 56' 32"N 135° 30' 
51"W 
Ritchie, J.C., 1982. The modern and 
late-Quaternary vegetation of the 
Doll Creek area, North Yukon, 
Canada. New Phytologist 90, 563-
603. 
Lake Lyadhej-To -0.30065 68° 15' 0"N 65° 45' 0"E Andreev, A.A., Tarasov, P.E., 
Ilyashuk, B.P., Ilyashuk, E.A., 
Cremer, H., Hermichen, W.-D., 
Wischer, F., Hubberten, H.-W., 2005. 
Holocene environmental history 
recorded in Lake Lyadhej-To 
sediments, Polar Urals, Russia. 
Palaeogeography, Palaeoclimatology, 
Palaeoecology 223, 181-203. 
Lena 0.60689 71° 48’ 0”N 127° 3’ 0” E MacDonald, G.M., Velichko, A.A., 
Kremenetski, C.V., Borisova, O.K., 
Goleva, A.A., Andreev, A.A., 
Cwynar, L.C., Riding, R.T., Forman, 
S.L., Edwards, T.W.D., Aravena, R., 
Hammarlund, D., Szelcz, M., 
Gattaulin, V.N., 2000. Holocene 
treeline history and climate change 
across northern Eurasia. Quaternary 
Research 53, 302-311. 
Minakokosa Lakea,d -0.85421 66° 55’ 0”N 155° 2’ 0”W P.M. Anderson (unpublished data) 
Moraine Lakea,d -0.79376 52° 16' 0"N 58° 3'0"W Engstrom, D.R., Hansen, B.C.S., 
1985. Postglacial vegetational change 
and soil development in southeastern 
Labrador as inferred from pollen and 
chemical stratigraphy. Canadian 
Journal of Botany 63, 543-561. 
Munday Creeka -0.82367 60° 2' 0"N 141° 58' 0"W Peteet, D.M., 1986. Modern pollen 
rain and vegetational history of the 
Malaspina Glacier District, Alaska. 
Quaternary Research 25, 100-120. 
Nikolay Lake -0.71691 73° 20' 0"N 124° 12' 0"E Andreev, A.A., Tarasov, P., 
Schwamborn, G., Ilyashuk, B., 
Ilyashuk, E., Bobrov, A., Klimanov, 
V., Rachold, V., Hubberten, H.-W., 
2004. Holocene paleoenvironmental 
records from Nikolay Lake, Lena 
River Delta, Arctic Russia. 
Palaeogeography, Palaeoclimatology, 
Palaeoecology 209, 197-217. 
    149 
 
Table S.5.3 (continued) 
 
Niliq Lakea,d -0.84154 67° 52’ 0”N 160° 26’ 0”W Anderson, P.M., 1988. Late 
Quaternary pollen records from the 
Kobuk and Noatak River drainages, 
northwestern Alaska. Quaternary 
Research 29, 263-276. 
Ortino 0.55354 68° 2' 57"N 54° 8' 28"E Kaakinen, A., Eronen, M., 2000. 
Holocene pollen stratigraphy 
indicating climatic and tree-ine 
changes derived from a peat section 
at Ortino, in the Pechora lowland, 
northern Russia. The Holocene 10, 
611-620. 
Paradise Lakea,d -0.91621 53° 3' 0"N 57° 45' 0"W Lamb, H.F., 1980. Late Quaternary 
vegetational history of southeastern 
Labrador. Arctic and Alpine 
Research 12, 117-135. 
Pechorac 0.49631 67° 58' 0"N 51° 34' 0"E MacDonald, G.M., Velichko, A.A., 
Kremenetski, C.V., Borisova, O.K., 
Goleva, A.A., Andreev, A.A., 
Cwynar, L.C., Riding, R.T., Forman, 
S.L., Edwards, T.W.D., Aravena, R., 
Hammarlund, D., Szelcz, M., 
Gattaulin, V.N., 2000. Holocene 
treeline history and climate change 
across northern Eurasia. Quaternary 
Research 53, 302-311. 
Puyuk Lakea,d -0.26022 63° 30’ 0”N 162° 12’ 0”W Ager, T.A., 1982. Vegetational 
history of western Alaska during the 
Wisconsin glacial interval and the 
Holocene. IN: D.M. Hopkins, J.V. 
Matthews Jr., C.E. Schweiger, S.B. 
Young (eds) ˆPaleoecology of 
Beringia. Academic Press, New York 
USA, pp. 75-93.  
Ped Ponda,d -0.53800 67° 12’ 0”N 142° 4’ 0”W Edwards, M.E., Brubaker, L.B., 
1986. Late Quaternary vegetation 
history oft he Fishhook Bend area, 
Porcupine River, Alaska. Canadian 
Journal of Earth Sciences 23, 1765-
1773. 
Queens Lakea,d -0.67331 64° 7' 0"N 110° 34' 0"W Moser, K.A., MacDonald, G.M., 
1990. Holocene vegetation change at 
treeline north of Yellowknife, 
Northwest Territories, Canada. 
Quaternary Research 34, 227-239. 
R Lakea,d -0.38934 54°18'20"N 
  
 
84° 33' 30"W McAndrews, J.H., Riley, J.L., Davis, 
A.M., 1982. Vegetation history of the 
Hudson Bay Lowland: a postglacial 
pollen diagram from the Sutton 
Ridge. Naturaliste Canadien 109, 
597-608. 
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 Table S.5.3 (continued). 
Redstone Lakea,d -0.84369 67° 15’ 0”N 152° 36’ 0”W Edwards, M.E., Anderson, P.M., 
Garfinkel, H.L., Brubaker, L.B., 
1985. Late Wisconsin and Holocene 
vegetational history of the Upper 
Koyukuk region, Brooks Range, 
Alaska. Canadian Journal of Botany 
63, 616-626. 
Reindeer Lakea,d 0.85151 69° 7' 0"N 132° 10' 0"W Spear, R.W., 1993. The palynological 
record of  Late-Quaternary arctic 
tree-line in northwest Canada. 
Review of Palaeobotany and 
Palynology 79, 99-111. 
Ruppert Lake -0.91397 67° 4' 0"N 154° 14' 0" Higuera, P.E., Brubaker, L.B., 
Anderson, P.M., Brown, T.A., Hu, 
F.S., 2009. Vegetation mediated the 
impacts of postglacial climate change 
on fire regimes in the south-central 
Brooks Range, Alaska. Ecological 
Monographs 79, 201-219. 
Saint John Island 
Ponda,d 
-0.90857 53° 57' 0"N 58° 55' 0"W Jordan, R.H., 1975. Pollen diagrams 
from Hamilton Inlet, central 
Labrador, and their environmental 
implications for the northern 
maritime Archaic. Arctic 
Anthropology 12, 92-116. 
Screaming Lynx 
Lake 
-0.73541 66° 4' 5"N 145° 24' 
16"W 
F.S. Hu (unpublished data) 
Screaming Yellow 
Legs Ponda,d 
-0.76777 67° 35’ 0”N 151° 25’ 0”W Edwards, M.E., Anderson, P.M., 
Garfinkel, H.L., Brubaker, L.B., 
1985. Late Wisconsin and Holocene 
vegetational history of the Upper 
Koyukuk region, Brooks Range, 
Alaska. Canadian Journal of Botany 
63, 616-626. 
Seagull Lakea,d 0.20105 68° 16’ 0”N 154°13’0”W L.B. Brubaker (unpblished data) 
Sleet Lakea,d 0.64392 69° 17' 0"N 133° 35' 0"W Spear, R.W., 1993. The palynological 
record of Late-Quaternary arctic tree-
line in northwest Canada. Review of 
Palaeobotany and Palynology 79, 99-
111. 
Snipe Lake -0.86597 60° 38' 0"N 154° 17' 0"W Brubaker, L.B., Anderson, P.M., Hu, 
F.S., 2001. Vegetation ecotone 
dynamics in Southwest Alaska during 
the Late Quaternary. Quaternary 
Science Reviews 20, 175-188. 
Sweet Little 
Lakea,d 
0.44351 67° 39' 0"N 132° 1' 0"W Ritchie, J.C., 1984. A Holocene 
pollen record of boreal forest history 
from the Travaillant Lake area, 
Lower Mackenzie River Basin. 
Canadian Journal of Botany 62, 
1385-1392. 
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Table S.5.3 (continued). 
 
a) Data obtained via the Neotoma Paleoecology Database (http://www.neotomadb.org/). Last 
accessed 3/2011. 
b) Data obtained via the European Pollen Database (http://www.europeanpollendatabase.net/). Last 
accessed 3/2011. 
c) Macrofossil profile. 
d) Chronology based on bulk dates. 
Taymyrc 0.82637 70° 58' 0"N 87° 33' 0" MacDonald, G.M., Velichko, A.A., 
Kremenetski, C.V., Borisova, O.K., 
Goleva, A.A., Andreev, A.A., 
Cwynar, L.C., Riding, R.T., Forman, 
S.L., Edwards, T.W.D., Aravena, R., 
Hammarlund, D., Szelcz, M., 
Gattaulin, V.N., 2000. Holocene 
treeline history and climate change 
across northern Eurasia. Quaternary 
Research 53, 302-311. 
Tuktoyaktuk 5a,d 0.77396 69° 3' 0"N 133° 27' 0" Ritchie, J.C., Hare, F.K., 1971. Late-
Quaternary vegetation and climate 
near the arctic tree line of 
northwestern North America. 
Quaternary Research 1, 331-342. 
Tyrrell Lakea,d 0.52046 66° 3' 0"N 135° 39' 
20"W 
Ritchie, J.C., 1982. The modern and 
late-Quaternary vegetation of the Doll 
Creek area, North Yukon, Canada. 
New Phytologist 90, 563-603. 
Wien Lakea,d 0.03241 64° 20’ 0”N 151° 16’ 
0”W 
Hu, F.S., Brubaker, L.B., Anderson, 
P.M., 1993. A 12000 year record of 
vegetation change and soil 
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5.10.2 Supplemental Figures 
 
Figure S.5.1    Malamute Lake data. Labels as in Fig. S.4.1. 
